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Executive Summary 
More than a billion walleye (Stizostedion vitreum) are stocked into North America 
waters each year because of their popularity as a sportfish and the ease with which 
they are propagated. Many stockings are conducted annually despite limited or no 
contribution to the fisheries. This random approach to stocking is widespread, but as 
fish culture resources have become strained, re-evaluations of walleye stocking 
programs are necessary. Walleye populations in Illinois reservoirs seldom naturally 
reproduce, therefore they must be stocked in order to maintain a viable fishery. 
However, the success of walleye stockings is highly variable. Previous studies have 
identified several factors which might influence stocking success of walleye in a given 
impoundment. Prey availability, predation, and abiotic factors such as temperature can 
all affect the growth and survival of stocked walleye. 
We monitored the success of stocked walleye in fifteen lakes across Illinois from 1991-
1997_. Walleye were stocked as either fry, small fingerlings (50-mm) or large fingerlings 
(100-mm). Growth and survival estimates were obtained each fall by nighttime 
electrofishing. In addition, prey resources, predator abundances, and abiotic variables 
were collected throughout the study. Laboratory and pond experiments were also 
conducted to determine the effects of prey selection and availability on growth and 
survival of stocked walleye. 
In Job 101.1 we evaluated factors affecting growth and survival of stocked walleye fry. 
We found survival of walleye fry to be dependent on the availability of prey, predation, 
and abiotic variables. Walleye fry survival was dependent on both centrarchid and total 
benthic invertebrate densities when combining across lakes and years. Within lakes 
across years, zooplankton density positively influenced fry survival. Combined lab (see 
job 101.4) and field data indicate that it is important to stock fry at times of high 
zooplankton abundance. In addition, water temperatures at the time of stocking highly 
influenced initial stocking mortality. Given these results, we recommend walleye fry be 
stocked in lakes with high benthic invertebrate densities (over 1000 organisms/m2) and 
low centrarchid densities ( less than 6/ m shoreline). From diet analysis (see job 
101.3), it is apparent that walleye do not rely heavily on centrarchids as prey. 
Therefore, lakes with low centrarchid densities will not only have low predation rates on 
walleye, but also should not effect the availability of walleye prey. Lakes further north in 
Illinois are suitable for stocking walleye fry given that they have cooler water 
temperatures at the time of stocking and have higher invertebrate densities. Because 
walleye fry are less expensive to produce than fingerlings, we recommend continuing to 
stock walleye fry in appropriate lakes. 
In Job 101.2 we examined factors influencing growth and survival of walleye fingerlings. 
The availability of appropriate sized forage fish is important for small fingerling survival, 
whereas large fingerling survival was dependent on total invertebrate abundance. As 
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with fry, both sizes of fingerlings had higher survival in more northern lakes. Predation 
was not a large factor influencing survival for either size of fingerlings. Water 
temperature at the time of stocking had a larger effect on small fingerlings as compared 
to large fingerlings. Given these results, we recommend lakes with high abundances of 
small cyprinids along and other small forage fish should be considered for stocking 
small fingerling walleye, whereas northern lakes with high benthic invertebrate densities 
be stocked with large fingerlings. Small fingerlings should be stocked as early in the 
year as possible to avoid high water temperatures. The influence of latitude was not as 
strong on small fingerlings as it was for fry and large fingerlings, therefore, walleye 
stocking in the southern part of the state should focus primarily on small fingerlings. 
In Job 101.3 we compared growth and survival across three size classes of walleye. 
When combining across all lakes and years, survival of walleye fingerlings was 
significantly higher than that of fry. Small and large fingerling survival did not differ 
across lakes, however, in individual lakes large fingerlings typically survived better than 
both fry and small fingerlings. In some lakes survival was low for all size classes, 
suggesting those lakes should not be stocked with walleye. Four of the 12 lakes used 
for this study exhibited consistently poor survival of walleye following stocking. 
When analyzing the economics of stocking fingerlings versus fry, it is necessary to 
determine both the relative survival (RS) and the cost of the fish stocked. We chose 
100: 1 as our conservative economic break off point. Using the RS requirement of 
100: 1 for fingerlings versus fry, stocking large fingerlings would have been more 
beneficial than fry in 60% of the trials for all lakes. Small fingerling survival was at least 
100:1 over fry for 57% of all stockings. Similarly, stocking ratios for small versus large 
fingerlings is dependent on survival as well as hatchery considerations. The RS of 5:1 
(large:small fingerlings) used here attempted to take these factors into account. Small 
fingerlings were stocked at approximately 1.3 times the rate of large fingerlings. 
Consequently, 76% of stockings resulted in RSs favoring small fingerlings. 
Stocking size also affected growth of walleye fingerlings. Small fingerlings reached 
larger sizes by fall than large fingerlings. Early stocked fish were able to feed on 
abundant appropriately sized forage (see job 101.4 ). Later stocked large fingerlings 
often were too small to feed on available fish prey. 
Based on the analyses in Job 101.3, we recommend stocking fingerlings (small and 
large) over fry to contribute to walleye fisheries in most lakes. Also, stocking small 
fingerlings, rather than large fingerlings, will maximize the probability for highest survival 
and growth of stocked walleye in Illinois reservoirs. Stocking of walleye should also be 
conducted offshore for highest survival. These recommendations should be viewed as 
general guidelines for lakes across Illinois. However, given the multitude of .conditions 
that could ultimately affect survival of stocked walleye, it is nearly impossible to predict 
stocking success based solely on sizes of the walleye stocked. Therefore, to achieve 
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good walleye stocking success, recommendations should be made on an individual 
lake basis. For example, as stated earlier, northern lakes with high invertebrate 
densities may be better suited for large fingerlings than small fingerings. Similarly, by 
timing stocking with zooplankton peaks in northern lakes that also have high benthic 
invertebrate densities, fry stocking can be successful. 
In Job 101.4 we conducted laboratory and pond experiments to determine the role of 
forage base on growth and survival of stocked walleye. Prey selection and density both 
affected walleye growth and survival. Growth of walleye fry increased with increasing 
zooplankton density in pond experiments, reinforcing patterns observed in the field. We 
also found that juvenile walleye growth is positively correlated with forage fish density. 
Foraging behavior experiments showed that fingerling walleye preferred bluegill over 
benthos, but that as forage fish densities declined, they foraged more heavily on 
benthos. This preference for forage fish when walleye reach 50 - 60 mm is likely 
explained by larger mouth gapes, and was reflected in their growth. Walleye of this size 
grew better when they can feed completely on forage fish than when having to rely on 
either just benthos or zooplankton. 
Experiments with fingerling walleye revealed that juvenile walleye prefer fish over 
invertebrate prey, that walleye growth is faster while foraging on fish than on either 
benthos or zooplankton, and that walleye growth is positively related to the density of 
prey fish available. Fingerling walleye preferred gizzard shad and cyprinids over 
centrarchid prey. To maximize growth and survival, walleye should be stocked in 
gizzard shad and cyprinid dominated systems rather than centrarchid dominated lakes. 
However, body length and depth of prey also had a strong effect on prey selectivity, 
emphasizing the importance of appropriately sized prey in determining the growth and 
survival of stocked walleye fingerlings. These experiments indicate that the quality and 
amount of prey available to fingerling walleye is important in determining their growth. 
In the field, therefore, we would expect maximum walleye growth in situations where the 
appropriately-sized forage fish are abundant. These laboratory results were helpful in 
interpreting field patterns and in determining the importance of prey availability on 
growth and survival of stocked walleye. 
Overall conclusions from this study are that small fingerlings will provide the best option 
for stocking walleye in Illinois. To improve the chances of stocking success with small 
fingerlings, lakes in the northern part of the state with high forage fish densities should 
be considered. Large fingerlings also had high survival in the northern part of the state, 
however, they had slower growth rates than fry and small fingerlings. Fry should only 
be stocked in lakes with high invertebrate densities in the northern part of the state, and 
stocking should coincide with peak zooplankton density and cool water temperatures. 
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Stocking walleye in centrarchid dominated systems should be avoided given that 
centarchids are not utilized as prey as much as other fish and because centrarchids are 
major predators on walleye fry and, to a lessor extent, small fingerlings. 
4 
Job 101.1. Factors affecting survival and growth of walleye fry 
OBJECTIVE: To evaluate factors affecting survival and growth of walleye fry stocked 
in impoundments 
INTRODUCTION: Walleye (Stizostedion vitreum) are an extremely important sportfish 
in Illinois. However, there are few naturally reproducing walleye populations within the 
state. Therefore, walleye must be stocked in order to maintain this valuable fishery. 
The success of walleye fry stocking has varied considerably not only in Illinois but 
across much of the Midwest. In order to develop quality walleye fisheries we need to 
determine what factors determine walleye stocking success. 
Stocking success probably depends upon a variety of physical and biotic factors. 
Previous work with walleye and other stocked sportfish has identified several factors 
which might influence stocking success of walleye fry in a given impoundment. One of 
the more important of these potential factors is forage base (Forney 1977, Li and 
Mathias 1982, Carline et al. 1986, Wahl and Stein 1988). Walleye go through a series 
of ontogenetic diet shifts, and rely on zooplankton, benthic invertebrates, and fish. As 
zoopjankton are the first food eaten by walleye fry, fry stocking success may be related 
to zooplankton density and size composition at the time of stocking (Mathias and Li 
1982, Hokanson and Lien 1986, Fox et al. 1989, Confer et al. 1990, Fox and Flowers 
1990). Benthic invertebrates, especially chironomids, also may influence the growth 
and survival of walleye fry. Other important factors influencing success may include 
resident predators (Wahl and Stein 1989), physical-chemical conditions (Koonce et al. 
1977), and stocking stress (Carmichael et al. 1984, Mather and Wahl 1989). 
PROCEDURES: We monitored the success of 56 individual fry stockings in nine lakes 
across Illinois from 1991 through 1997 (Figure 1; Table 1). Lakes chosen for this study 
varied in latitude, productivity, prey resources, and predator abundances (see results). 
Lakes ranged in size from 6 to 4500 hectares and 8 to 24 m in depth. 
Largemouth bass (Micropterus salmoides) were present in all the study lakes. Sunfish 
(Lepomis spp.), white bass (Marone chrysops), yellow bass (Marone saxatillus), crappie 
(Pomoxis spp.), and channel catfish (lctalurus punctatus) were abundant in most the 
reservoirs. Other piscivores present in some reservoirs included hybrid white bass 
(Marone spp.), muskellunge (Esox masguinonge), northern pike (Esox lucius) and 
smallmouth bass (Micropterus dolomieui). Since walleye have been stocked for several 
years in most of the study lakes, adults were usually present in limited numbers. 
Gizzard shad (Dorosoma cepedianum), sunfish, and silversides (Atherinoides spp.) 
were the primary prey species in the reservoirs and small impoundments. Many of the 
study lakes had a hard, clay pan with varying amounts of littoral zones. Aquatic 
vegetation in the lakes consisted mainly of pondweed (Potomogeton spp.), coontail 
(Certatophyllum demersum), water milfoil (Mariophyllum spp.) and niad (Najas spp.). 
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Walleye fry were typically stocked in April from Jake Wolf Memorial Fish Hatchery, 
Illinois. Fry were transported in oxygenated bags in styrofoam coolers. Walleye fry 
were marked by immersing them in 500 mg/L oxytetracycline (OTC) for 6 hours before 
stocking them into the lake in order to distinguish them from naturally reproduced 
walleye. Stocking rates for fry ranged from 1000 to 7000 per hectare but were most 
often stocked at around 3000 fry/ha. Walleye were tempered by floating the hatchery 
bags in the lake. A subsample of fry were placed into plastic tubs (100 fry/tub) filled 
with lake water to assess short term stocking mortality. The number of dead fry in the 
mortality tubs were counted after 24 hours. 
Walleye were collected in the field in the fall by electrofishing. Electrofishing was 
conducted at night with a boat operated, three phase, 240-volt AC, 5,000-watt 
generator connected to a balanced, six-electrode array (Novotny and Priegel 1974). 
Walleye were measured, weighed, and examined for clips. Otoliths were removed from 
a subsample of walleye and brought back to the lab to check for OTC. Walleye that 
were returned to the lake were given an upper caudal clip for a Schnabel mark and 
recapture population estimate. Survival of walleye fry was based on catch per- unit of 
effort (CPUE) and percent survival from population estimates. 
Abiotic and biotic variables that may influence walleye fry survival were collected at the 
time of stocking and at biweekly intervals thereafter. Zooplankton were collected at six 
sites in the lake with a ½ m diameter zooplankton net with 64 µm mesh. Zooplankton 
samples were preserved in a 4 % Lugols solution and returned to the lab for 
processing. Benthic invertebrates were collected at four sites using a Ponar bottom 
sampler. Samples were seived through a 600 µm bucket and preserved in a Rose 
bengal/ETOH solution. Samples were returned to the lab where they were counted and 
identified. To estimate forage fish densities, we collected larval and juvenile fish in 
each lake. Larval fish were collected by towing a 0.5-m diameter larval fish net with 
500 µm mesh behind the boat at 6 sites in each lake. Larval fish were preserved in 
alcohol and identified back at the lab. Seine hauls were taken with a 9.2 m bag seine 
along the shoreline at 4 sites to estimate juvenile fish densities. Fish collected in the 
seine were identified, counted, and measured. Dissolved oxygen and water 
temperature readings were taken at 1-m depth intervals at the deepest area in the lake, 
usually at the dam forebay. Turbidity was measured using a secchi disk. 
Procedures for determining the effect of water temperature on walleye fry and fingerling 
survival are given in Appendix A, Clapp, D. F., Y. Bhagwat, and D. H. Wahl. 1997. The 
effect of thermal stress on walleye fry and fingerling mortality. North American Journal 
of Fisheries Management 17:429-437. 
Regression analysis was used to examine individual relationships between 
environmental variables and walleye fry survival and growth. Multiple regression was 
used to examine the contribution of select variables to walleye growth and survival. 
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Growth rates and CPUE of walleye fry, along with biotic and abiotic variables, were 
averaged across years for each lake when conducting regression analysis. Non-normal 
data was log transformed. Because of the high variability in some of our field data, we 
used an alpha level of 0.1 to denote significance. Lake Leaquana was removed from 
regression analysis because the lake was atypical of the rest of the study lakes due to 
extremely high nutrient loads and hypoxic conditions. 
FINDINGS: Walleye fry survival was highly variable across lakes and years (Figure 2). 
Fox Chain had the highest fry survival rate, however, fry were only collected in one of 
the three years the lake was stocked. Lake Shelbyville was the only lake where fry 
survived every year they were stocked. In contrast, we did not collect any fry stocked 
walleye after 3 years of stocking in Lake Dutchman. 
Initial stocking mortalities were also highly variable across lakes and years, ranging 
from 0 to 99%. Stocking mortality increased with increasing water temperature (Results 
are given in Clapp et al. 1997; Appendix A). Initial stocking mortalities less than 20% 
did not appear to affect fall CPUE, however, fall CPUE was low when initial mortalities 
were more than 20% (Figure 3a). The lack of a linear relationship between stocking 
mortality and fall CPUE suggests that other factors such as predation and food 
availability are affecting fry survival. 
The availability of prey resources differed across lakes. Zooplankton densities differed 
across lakes.and years ranging from 12/L to 750/L depending on lake and year (Figure 
4). Benthic invertebrate densities also varied across lakes and years. Benthic 
invertebrate densities were higher in lakes further north and showed an increase in 
abundance across all lakes during 1995 and 1996 (Figure 5). 
First year survival of walleye fry was highly dependent on prey availability. Zooplankton 
and benthic invertebrates are important food resources of young walleye (see job 
1 0 1 .4 ). Although there was no significant relationship between zooplankton and fry 
survival across lakes, there were significant relationships within lakes across years. For 
example, both Ridge Lake and Lake Sterling had increased fry survival with increasing 
crustacean zooplankton densities (Figure 6; both P < 0.03). In addition to positive 
relationships between fry survival and zooplankton in the field, we also observed these 
same trends in lab and pond experiments (see job 101.4 ). Fry survival also increased 
as benthic invertebrate density increased ( Figure 7a; r = 0.78; P = 0.01). Chironomids 
appeared to be the most important benthic invertebrates for survival given the strong 
relationship (Figure 7b; r = 0.72; P = 0.03). 
The fact that survival was related more to benthic invertebrate abundance than 
zooplankton abundance is not surprising given that walleye only rely on zooplankton for 
the initial first few weeks after stocking but rely on benthic invertebrates for a much 
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longer period of time. Walleye will often feed on invertebrates for several months, 
especially if fish prey is not available (see job 101.4). 
Predation also had an effect on walleye fry survival, particularly by centrarchids. We 
found a negative relationship between juvenile centrarchid density and fry survival 
(Figure 8, r = -0. 79; P = 0.01 ). Direct evidence of predation on larval fish in the field is 
often difficult to quantify. Walleye fry are most often stocked offshore where it is difficult 
to collect possible predators and because digestion rates for larval fish are high, it is 
difficult to identify species found in stomachs. In an attempt to measure predation on 
walleye fry in the field, fry were stocked inshore at three different locations in Lake 
Springfield during 1997 and 1998. Seine hauls were taken at 15 minute intervals after 
stocking to collect potential predators for diet analysis. Many of the fish collected in the 
seines had consumed the recently stocked walleye. Most fish had only several fry in 
their stomach (Figure 9), however, we did collect an individual bluegill that had eaten 
182 fry. We assessed predation on older walleye stocked as fry by examining diets of 
larger predators. Walleye found in the stomachs of predators were difficult to tell apart 
from walleye from other sized stockings, however, the total number of walleye found in 
diets was low (Table 2, 3). · 
Latitude had a strong effect on survival of stocked walleye. Fry stocked in the northern 
part of the state survived better than those stocked in the southern part of the state 
(Figure 1 0; r = 0.94; P < 0.01 ). This may be attributed to cooler water temperatures and 
higher invertebrate densities typically found in the northern part of the state. 
Multiple regression analysis explained 93% of the variability in walleye fry survival when 
invertebrate and centrarchid density were included in the model ( R2 = 0.90; P < 0.01; 
Table 4). Latitude was not included in the multiple regression because it was highly 
correlated with total benthic invertebrate density. Given the high correlations between 
fry survival and both latitude and invertebrate densities, biologists should be able to 
predict which lakes can be successfully stocked with walleye fry. 
Factors affecting the growth of walleye fry were less clear than those affecting survival. 
Walleye stocked as fry ranged in length from 178 mm TL in Fox Chain of Lakes to 225 
mm TL in Ridge Lake when collected in the first fall after stocking (Figure 11 ). In 
mesocosm and pond experiments growth of walleye fry was highly dependent on 
zooplankton densities (Wahl et al. 1996; see job 101.4 ), however, this relationship was 
not evident in our field data. The reason for the difference between lab and field results 
is probably due to the timing of when we could examine growth differences. We were 
unable to collect many walleye under 100-mm in the field, therefore, we were not able 
to obtain growth estimates until later in the summer and fall. Any relationship between 
growth of walleye fry and zooplankton was probably lost after the walleye switched from 
zooplankton to benthic invertebrates. However, field data did reveal that growth of 
walleye fry was dependent on latitude (r = -0.66; P = 0.07), with higher growth rates 
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occurring further south (Figure 12). Although growth has been linked to survival in 
walleye, we did not find a correlation between the total length of walleye fry in the fall 
and ~PUE (P = 0.26). 
RECOMMENDATIONS: We found survival of walleye fry to be dependent on the 
availability of prey, predation, and abiotic variables. Walleye fry survival was dependent 
on both centrarchid and total benthic invertebrate densities. Combined lab (see job 
101.4) and field data also confirm that it is important to stock fry at times of high 
zooplankton abundance. In addition, water temperatures at the time of stocking highly 
influenced initial stocking mortality. Given these results, we recommend walleye fry be 
stocked in lakes with high invertebrate densities (more than 1000 organisms/m2) and 
low centrarchid densities ( less than 6/ m shoreline). From diet analysis (see job 
101.3), it is apparent that walleye do not rely heavily on centrarchids as prey. 
Therefore, lakes with low centrarchid densities will not only have low predation rates on 
walleye, but also should not affect the availability of prey for walleye. Lakes further 
north are suitable for stocking walleye fry given that they have cooler water 
temperatures at the time of stocking and have higher invertebrate densities. Because 
walleye fry are less expensive to produce than fingerlings, we recommend continuing to 
stock walleye fry in selected lakes with appropriate conditions. Widespread stocking 
throughout the state is not advisable. 
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Table I. Walleye stocking data from 1991-1997 for 15 Illinois reservoirs. Some stocking dates 
represent multiple batches of one size group. Walleye were marked by immersion in OTC or fin clipped 
to enable future identification of size groups. In some lakes and years, CPUE by fall electrofishing is 
combined for different size classes of walleye due to poor mark retention. Population estimates were 
conducted in the fall using a Schnabel mark and recapture procedure. Ridge Lake population estimates 
for fish stocked from 1993-1995 are based on draining data. 
Total Catch per 
length at Number Stocking unit of 
Date stocking Number stocked per mortality effort Population 
Lake (ha) stocked (mm) stocked ha (%) (fish/h) estimate 
Bloomington (250) 05/18/93 39 12,750 51 0 0.32 
06/02/93 53 12,750 51 99 2.60 
06/01/94 46 12,250 49 4.3 2.39 193 
06/21/94 48 12,250 49 46.8 22.89 1,732 
inshore 06/06/95 40 8,000 32 6.60 0.00 
offshore 06/06/95 52 17,500 70 6.60 7.48 422 
inshore 06/04/96 40 12,750 51 1.00 2.53 
offshore 06/04/96 45 12,750 51 1.00 1.40 
inshore 06/04/97 34 7,700 31 1.50 
4.75 
offshore 06/04/97 32 7,700 31 I.SO 
Dutchman's (53) 04/23/93 5 117,978 2,226 100.00 0.00 
05/07/93 5 117,978 2,226 30.50 0.00 
04/25/94 5 58,989 1,113 0.60 0.00 
05/13/94 5 58,989 1,113 87.00 0.00 
04/15/95 5 118,000 2,226 5.00 0.00 
06/07/95 50 5,900 111 5.00 0.33 
East Fork (379) 04/22/92 5 951,669 2,511 0.00 0.00 
04/20/93 5 467,686 1,234 0.00 0.00 
04/26/93 5 467,686 1,234 0.00 0.05 
04/25/94 5 467,686 1,234 0.90 0.00 
05/23/94 5 467,686 1,234 64.00 0.00 
04/14/95 5 934,993 2,467 18.00 0.00 
05/31/95 50 46,996 124 0.00 0.33 
inshore 04/27/96 5 482,500 1,273 6.00 1.03 56 
offshore 04/27/96 5 482,500 1,273 6.00 0.00 
06/11/96 43 37,400 99 1.30 21.43 1,110 
04/15/97 5 1,870,000 4,934 17.69 1.90 1,652 
06/10/97 50 37,400 99 3.70 
Fox Chain (2,663) 05/05/92 5 6,580,273 2,471 7.70 0.00 
05/20/92 39 260,974 98 1.00 0.00 
05/06/93 5 6,580,273 2,471 51.70 0.00 
04/27/94 5 6,199,464 2,328 5.20 7.80 
06/08/94 50 39,945 15 1.10 0.68 
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Table 1. Continued. 
Total Catch per 
length at Number Stocking Unit 
Date stocking Number stocked per mortality Effort Population 
Lake (ha) stocked (mm) stocked ha (%) (fish/h) estimate 
George (68) 05/29/91 41 8,364 123 22.00 0. 15 
05/20/92 36 6,664 98 0.00 0.04 
06/02/93 53 6,664 98 7.90 2.23 
06/21/94 44 6,800 100 56.70 3.02 
Kinkaid (I, 114) 07/21/92 91 11,140 10 99.00 0.00 
08/20/92 151 2,228 2 0.00 
05/23/93 47 110,286 99 0.00 0.41 
05/26/94 44 81,322 73 0.22 
inshore 06/06195 50 74,638 67 6.00 0.00 
offshore 06106195 50 34,534 31 6.00 1.18 
inshore 06/05196 45 25,000 35 5.30 0.00 
offshore 06105/96 45 25,000 35 5.30 0.16 
06/04/97 32 182,868 163 8.21 0.31 144 
Leaquana (16) 07/16/91 107 1,008 63 22.00 6.00 56 
04/20/92 5 39,536 2,471 3.70 8.20 102 
05/27/92 39 624 39 77.40 
07/21/92 91 1,456 91 0.00 5.46 79 
04/20/93 5 39,536 2,471 1.80 0.75 
05/18/93 40 1,584 99 4.50 0.56 
07/27/93 99 1,088 68 0.00 15.15 245 
-- -- --- ·-·-·- -
05/12/94 5 39,536 2,471 71.30 0.49 
06/01/94 49 1,584 99 1.10 1.64 
07/18/94 87 992 62 14.00 9.36 249 
04/12/95 5 43,408 2,713 0.00 0.00 
06106/95 39 1,744 109 1.10 0.40 
07/31/95 94 1,184 74 0.00 0.00 
04/17/96 5 43,408 2,713 33.00 0.38 
06/11/96 47 1,744 109 2.40 5.57 
08/13/96 104 1,136 71 0.00 3.54 
04/30/97 5 43,400 2,713 0.00 1.81 
06/24/97 47 1,720 109 8.70 
08/05/97 117 1,160 71 1.20 14.33 
Pierce (66) 05/21/91 40 8,382 127 6.70 2.54 
05/20/92 39 6,534 99 1.10 8.12 344 
05/25/93 47 6,534 99 1.10 24.03 678 
06/09/94 55 6,600 100 2.10 62.53 1,845 
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Table 1. Continued. 
Total Catch per 
length at Number Stocking Unit 
Date stocking Number stocked per mortality Effort Population 
Lake (ha) stocked (mm) stocked ha (%) (fish/h) estimate 
Pierce (66) 05/31/95 34 3,234 49 0.00 4.20 136 
06/14/95 44 3,234 49 0.80 17.60 564 
06/05/96 46 4,055 61 0.00 0.93 
06/18/96 43 4,055 61 1.10 1.46 
06/10/97 40 4,055 61 1.50 
30.13 
06/24/97 47 4,055 61 2.70 
Randolph County 04/20/92 5 65,000 2,500 4.00 0.02 
(26) 05/20/92 38 2,600 100 0.00 0.00 
07/20/92 96 1,625 63 0.00 0.00 
04/20/93 5 65,000 2,500 0.00 0.41 
05/25/93 48 2,600 100 0.00 0.34 
07/22/93 96 1,625 63 0.00 0.00 
05/05/94 5 65,000 2,500 0.30 0.07 
05/31/94 48 2,600 100 0.00 0.55 
07/28/94 98 1,600 62 9.30 0.00 
04/15/95 5 65,000 2,500 0.40 0.00 
06/07/95 50 2,600 JOO 20.00 1.70 
07/26/95 100 1,740 67 2.00 0.00 
04/26/96 5 65,000 2,500 8.20 0.23 
05/10/96 5 65,000 2,500 21.10 0.01 
06/11/96 48 2,600 JOO 0.00 0.90 
08/15/96 118 3,050 122 43.60 0.30 
04/04/97 5 65,000 2,500 23.32 0.16 
06/26/97 50 2,600 JOO 8.38 
07/29/97 100 2,405 93 83.03 0.00 
Ridge (6) 04/12/91 5 42,936 7,156 1.60 0.07 
06/13/91 58 858 143 31.00 0.00 
11/21/91 llO 372 62 0.00 
11/21/91 204 114 19 0.00 
04/16/92 5 42,858 7,143 0.00 0.00 
06/22/92 69 564 94 59.70 0.00 
10/25/92 133 378 63 13.50 2 
10/25/92 175 108 18 34.20 8 
04/20/93 5 42,936 7,156 1.00 0.41 
06/22/93 62 534 89 13.40 0.00 
10/14/93 150 312 52 2.20 0.00. 11 
10/14/93 203 126 21 0.00 0.84 10 
04/25/94 5 42,858 7,143 28.70 0.00 3 
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Table I. Continued. 
Total Catch per 
length at Number Stocking Unit 
Date stocking Number stocked per mortality Effort Population 
Lake (ha) stocked (mm) stocked ha (%) (fish/h) estimate 
Ridge (6) 07/14/94 76 720 120 2.00 0.00 0 
04/21/95 5 21,426 3,571 17.00 31 
05/18/95 5 21,426 3,571 67.10 54 
05/31/95 34 750 125 0.00 22 
07/31/95 95 426 71 2.00 8 
05/10/96 5 19,998 3,333 5.50 4.14 
06/05/96 50 702 117 0.00 0.73 
08/22/96 100 402 67 20.10 2.44 
04/24/97 5 40,000 6,666 16.90 
6.12 
06/05/97 37 700 117 0.00 
07/30/97 104 700 117 14.30 0.00 
Sam Dale (78) 05/27/92 49 7,722 99 0.00 1.09 
05/25/93 49 7,722 99 0.00 2.32 74 
06/09/94 52 8,580 110 1.78 276 
06/07/95 50 3,666 47 0.00 1.33 
06/14/95 50 4,446 57 0.00 0.50 
06/11/96 45 3,900 50 7.10 1.79 
06/17/96 44 3,900 50 12.00 0.00 
06/10/97 32 3,880 50 8.21 0.36 
06/26/97 42 3,880 50 14.29 
Sara (237) 05/18/93 41 9,954 42 0.00 0.00 
06/02/93 49 13,509 57 13.00 0.26 
06/01/94 48 11,376 48 1.00 0.10 
06/22/94 56 11,850 50 57.50 0.10 
05/31/95 50 26,544 112 0.00 0.00 
inshore 04/28/96 5 300,000 1,266 14.80 0.68 
offshore 04/28/96 5 300,000 1,266 14.80 0.41 
06/05196 45 23,400 99 0.00 1.98 
04/16/97 5 586,000 2,472 19.84 0.75 
06/05/97 so 23,440 99 7.17 
Shelbyville (4,455) 04/14/91 5 4,193,500 941 2.30 0.01 
06/15/91 52 9,250 2 0.00 0.96 
04/20/92 5 12,175,000 2,732 19.10 0.10 
06/04/92 so 20,000 4 0.00 0.00 
10/04/92 101 9,250 2 0.00 0.00 
05/20/93 s 5,177,000 1,162 37.40 0.07 
06/02/93 51 60,000 13 I.SO 6.00 
08/31/93 101 10,125 2 76.30 0.26 
05/16/94 5 6,240,000 1,400 29.60 0.47 
06/09/94 58 75,696 17 2.40 13.61 
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Table 1_. Continued. 
Total Catch per 
length at Nwnber Stocking Unit 
Date stocking Nwnber stocked per mortality Effort Population 
Lake (ha) stocked (mm) stocked ha (%) (fish/h) estimate 
Shelbyville (4,455) 07/01/94 48 40,000 9 53.70 0.47 
05/04/95 5 9,805,455 2,201 52.05 0.42 
07/11/95 64 17,820 4 2.63 
07/11/95 140 4,455 l 0.00 
07/21/95 96 13,365 3 78.00 0.00 
08/03/95 100 13,365 3 0.00 
04/26/96 5 8,544,690 1,918 20.90 7.47 516 
06/17/96 57 127,413 29 27.20 7.30 503 
04/24/97 5 8,900,000 1,997 31.10 
3.12 
06/19/97 50 100,000 22 0.00 
Springfield (1,715) 04/22/92 5 4,237,765 2,471 1.80 2.40 
04/23/93 5 4,237,765 2,471 8.40 2.19 
04/29/94 5 3,649,520 2,128 20.56 
04/21/95 5 4,450,425 2,595 51.00 0.28 
10/07/95 155 6,860 4 0.00 5.08 
04/24/97 5 5,200,000 3,032 9.00 0.00 
Sterling (53) 04/26/93 5 130,963 2,471 1.90 3.22 
05/25/93 45 2,968 56 0.00 3.61 193 
07/27/93 105 3,604 68 0.00 6.73 159 
04/25/94 5 130,963 2,471 4.66 251 
06/08/94 48 4,770 90 2.20 1.49 84 
07/25/94 97 3,286 62 0.00 5.31 88 
04/10/95 5 73,988 1,396 14.40 0.00 
06/06/95 38 2,703 51 0.00 1.60 
07/31/95 95 1,855 35 0.00 6.10 289 
04/16/96 5 73,988 1,396 3.60 0.27 
06/11/96 48 2,703 51 5.00 3.50 
08/20/96 93 1,855 35 0.00 0.96 
04/30/97 5 74,000 1,396 10.20 
18.29 
06/17/97 35 2,960 56 1.50 
07/28/97 106 2,738 52 0.80 23.09 
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Table 2. Numbers of fish stomachs containing stocked walleye. Data is combined 
across 15 lakes from 1991-1997. 
Predator 
Species 
Bluegill 
Largemouth Bass 
Muskellunge 
Smallmouth Bass 
Walleye 
White/Black Crappie 
White/Yel. Bass 
# Fish 
Examined 
184 
12,226 
384 
248 
10,026 
240 
216 
# Fish 
w/walleye 
2 
200 
9 
2 
43 
6 
3 
% Fish 
w/walleye 
1.1 
1.6 
2.3 
0.8 
0.4 
2.6 
1.4 
Table 3. Percent of predators examined consuming walleye fingerlings on 15 study 
lakes from 1991-1997. Diets were examined from all potential predators on walleye. 
Lake # Diets # Walleye % Walleye 
Examined Eaten Eaten 
. Bloomington 2910 21 0.7 
Dutchman 37 1 2.7 
East Fork 1278 9 0.7 
Fox Chain 49 0 0.0 
Geor.ge 1478 4 0.3 
Kinkaid 970 57 5.9 
Leaquana 1899 20 1.1 
Pierce 5566 29 0.5 
Randolph Co. 1529 52 3.4 
Ridge 316 16 5.1 
Sam Dale 1328 6 0.4 
Sara 863 11 1.3 
Shelbyville 1269 33 2.6 
Springfield 611 0 0.0 
Sterling 3653 29 0.8 
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Table 4. Multiple regression analysis of factors affecting survival of stocked walleye fry 
in Illinois lakes. 
Variable 
Centrarchid density 
Benthic invertebrate density 
Overall Model 
Partial R2 
0.62 
0.31 
16 
Model R2 
0.62 
0.93 
0.93 
F-value 
11.44 
27.46 
41.08 
P-value 
0.01 
<0.01 
<0.01 
-1 2 34 
1. LeAquaNa 
2. Pierce 
3. Fox Chain 
6 
4. Sterling 
5. George 
6. Bloomington 
7. Springfield 
8. Shelbyville 
9. Ridge 
10. Sara 
11. East Fork 
12. Sam Dale 
13. Randolph County 
14. Kinkaid 
15. Dutchman 
Figure l. Map of Illinois showing location of the 15 walleye study lakes. 
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Figure 2. Mean catch per unit effort (fish/h) of fry stocked walleye. CPUE 
is based on fall night time electrofishing averaged across years. 
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Figure 3. Relationship between initial stocking mortality (24 hours after stocking) 
and catch per unit of effort for three sizes of stocked walleye. CPUE is number of 
walleye collected per hour by fall night time electrofishing. 
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Figure 4. Mean summer zooplankton densities ( excluding rotifers) in 13 walleye 
study lakes during 1991 through 1997. Lakes in the top panel are located further 
north, middle panel are intermediate, and lower panel are furthest south. 
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Figure 5. Benthic invertebrate densities (N/m2) in 13 walleye study lakes from 
1991 through 1997. Lakes in the top panel are located further north, middle 
panel are intermediate, and lower panel are furthest south. 
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Figure 6. Relationship between crustacean zooplankton density 
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stocked. 
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Figure 9. Number of walleye fry consumed at 15 minute intervals after stocking 
in Lake Springfield during 1997 and 1998. Error bars represent one standard error. 
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Figure 10. Relationship between latitude and catch per unit effort (fish/h) 
of fry stocked walleye. CPUE is based on fall night time electrofishing. 
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Figure 11. Average length of stocked walleye fry collected in fall. Error bars 
represent 1 standard error. Codes for lakes are given in table 1. 
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28 
• 
Job 101.2. Factors affecting survival and growth of walleye fingerlings 
OBJECTIVE: To determine mechanisms affecting survival and growth of fingerling 
walleye after stocking in impoundments. 
INTRODUCTION: The success of walleye fingerling stocking, like that of fry stocking, 
has been highly variable (Laarman 1978). While Hauber (1983) indicated that fingerling 
stocking can be successful in increasing year class strength in some cases, the 
reasons for these successes are unknown. Variable success probably results from the 
interaction of a number of physical and biotic factors. Forage is probably one important 
factor influencing stocking success of walleye fingerlings. The temporal abundance 
and species composition of the forage base, as well as the size distribution of prey 
(relative to walleye size) may all play an important role (Smith and Pycha 1960, Forney 
197 4, Hauber 1983, Mandenjian et al. 1991 ). 
Predation is also likely to have an impact on walleye fingerling stocking success. 
Recent evidence suggests predation can be an important source of mortality for walleye 
(Santucci and Wahl 1993). Size of stocked fish can affect susceptibility to predation 
(Hanson et al. 1986; Wahl and Stein 1989); predation is probably higher for small 
walleye fingerlings than for larger size groups (Santucci and Wahl 1993). The role of 
predator abundance and size distribution in determining mortality rates of stocked 
walleye has not yet been evaluated fully. 
Physical-chemical conditions, including thermal stress at stocking, may also influence 
fingerling stocking success. Temperature may also be important in determining growth 
and survival during post-stocking periods. Serns (1982) found that density and growth 
of age-0 walleye in natural populations were related to June water temperatures; these 
relationships may also apply to stocked fingerlings. 
PROCEDURES: Walleye were stocked as either small (46 ± 0.9 mm; mean ± 1 SE) or 
large (99.7 ± 2.0 mm, mean ±SE) fingerlings during 1991 through 1997. Sixty-eight 
small fingerling and 23 large fingerling stockings were assessed in 15 different lakes 
(Table 1 ). Lake characteristics are similar to those described in job 101.1. 
Walleye were obtained from Jake Wolf Memorial Fish Hatchery and LaSalle Fish 
Hatchery, Illinois. Fingerlings were transported to the lake in oxygenated hauling tanks. 
Small fingerlings were typically stocked in June and large fingerlings were stocked in 
August. In order to assess mortality of walleye fingerlings due to stocking stress, 
subsamples offish from each stocking were held in floating nets (4-m deep x 0.75-m 
diameter, 3.2-mm mesh) for 48 hours. The number of fingerlings alive and dead were 
counted after 24 and 48 h. A subsample of fish (N > 25) were measured (total length 
(TL), mm) and weighed (g). All stocked walleye fingerlings less than 75-mm TL were 
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marked by immersion for 6 h in 500-mg/L (OTC). Larger walleye were marked with a 
unique fin clip prior to stocking. 
As with walleye fry, fall (September - December) electrofishing and trap-net CPUE were 
used. as an index of walleye fingerling survival. All walleye collected were measured to 
determine growth rates. Stomach contents of fingerling walleye were examined by 
gastric flushing (Foster 1977) or by dissection. Walleye were given a caudal fin clip, 
and modified Schnabel mark-recapture population estimates were calculated for 
walleye from fingerling stockings when three or more recaptures were obtained. 
Physical, chemical, and biotic conditions were monitored in all impoundments at the 
time of stocking, and at bi-weekly intervals thereafter to evaluate their possible 
influence on walleye survival and growth. Water temperature, dissolved oxygen, and 
turbidity were determined as described in Job 101.1. Forage base and predator 
populations were also monitored at these same intervals. Zooplankton density and 
species composition were determined as described in Job 101.1. Following each of the 
lake stockings, we determined losses of walleye to resident predators. Predators were 
collected by electrofishing standardized transects. All potential predators on walleye 
fingerlings were identified, measured (TL, mm), and given a distinct fin clip. Mark-
recapture estimates of predator numbers were calculated as described for walleye 
fingerlings. Stomach contents of largemouth bass were examined using acrylic tubes 
(Van Den Avyle and Roussel 1980); walleye stomachs were examined using gastric 
flushing (Foster 1977). Numbers of walleye in predator stomachs were combined with 
population estimates of the number of predators to determine the total number of 
stocked walleye lost to predation. 
FINDINGS: Survival of fingerling walleye varied considerably across lakes and years 
(Figure 13, 14 ). Catch per unit effort of small fingerlings ranged from 0.3 fish/h in Lake 
Dutchman to 21.6 fish/h in Pierce Lake. Large fingerling CPUE was lowest in Lake 
Kinkaid where no large fingerlings were collected after stocking in 1992. Lake Sterling 
had the highest CPUE of large fingerlings averaging 8.4 fish/h. 
Factors effecting survival of fingerling walleye differed between small and large 
fingerlings. Survival of small fingerling walleye was dependent on forage fish densities 
present in the lake (Figure 15; r = 0.66; P < 0.01 ). Forage fish were fish 20 to 50-mm in 
total length as measured by shoreline seining. Young of year walleye have been 
shown to rely heavily on fish when present ( see job 101.4 ). Latitude was not 
significantly related to small fingerling survival (P = 0.35), however, some of the more 
northern lakes had relatively low forage fish densities, which may have reduced 
survival. Neither juvenile shad or centrarchid abundances were related to fingerling 
survival when examined alone, suggesting the importance of other forage fish such as 
cyprinids. These results are confirmed by diet data of walleye, where other fish 
comprised a higher proportion of the diet than shad and centrarchids. 
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When both forage fish density and latitude were entered into a multiple regression, both 
variables were significant, with forage fish densities explaining 43% of the variability in 
fingerling survival and latitude explaining an additional 24 percent (Table 5). Predicting 
the success of small fingerling survival in specific lakes is probable given that 67% of 
the variability in their survival can be explained by latitude and forage fish densities. 
Large fingerling survival was dependent on both latitude and total benthic invertebrate 
densities (Figure 16, 17; both P < 0.04). Large fingerlings were stocked in August at an 
average size of 99.7 mm. Lakes receiving large fingerlings had also been stocked with 
fry and small fingerlings earlier in the year. The earlier stocked walleye had often 
achieved larger sizes than the 100-mm fish when these large fingerlings were stocked. 
As a result, the earlier stocked walleye were able to feed more effectively on forage fish 
than later stocked walleye. The relationship between large fingerling survival and 
latitude may be due to the higher densities of invertebrates in the more northern lakes. 
Predation on both small and large fingerlings was low, with only 1.2% of predator 
stomachs containing walleye. Largemouth bass consumed more walleye than any 
other species followed by walleye, however based on numbers of stomachs examined, 
black and white crappie had the highest percent occurrence in their diet (Table 3). 
Predation on walleye also varied by lake, with Lake Kinkaid having the highest 
percentage.of consumed walleye and Lake Springfield having the least (Table 2). 
Large fingerlings were consumed less than small fingerlings in 3 out of 5 lakes where 
both of the size classes were stocked. However, given the low predation rates 
observed on stocked fingerlings, it is unlikely that predation has a large influence on 
survival differences between small and large fingerlings. 
Walleye stocked as small fingerlings ranged from 178 mm TL in Lake Shelbyville to 
268 mm TL in Ridge Lake when collected in the fall after stocking (Figure 18). Large 
fingerling (100 mm) stocked walleye were often smaller than 50 mm fingerlings in the 
fall (see job 101.3). Large fingerlings ranged from 147 mm in Ridge Lake to 206 mm in 
Lake Shelbyville when collected in the fall (Figure 19). Fall TL in Lake Shelbyville was 
based on only 4 fish collected in 1993 and therefore may not be representative of 
average growth. Small fingerling growth was positively related to chironomid density 
(r = 0.56; P = 0.04), however the relationship was strongly influenced by Ridge Lake 
(Figure 20). With Ridge Lake removed, there was no longer a significant relationship 
between chironomid density and growth. Large fingerlings also grew faster in lakes 
with high benthic invertebrate densities (r = 0.89; P = 0.05; Figure 21 ). Surprisingly, 
large fingerlings grew faster in more northern lakes ( r = 0.90; P = 0.04; Figure 22). 
Reasons for large fingerlings growing faster in northern lakes may be due to higher 
invertebrate densities. In addition, slower growth of forage fish in northern lakes may 
have made them vulnerable to walleye predation for a longer period of time. The faster 
growth rates in more northern lakes resulted in higher survival as measured by fall 
CPUE (r = 0.85; P = 0.07; Figure 23). 
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RECOMMENDATIONS: The availability of appropriate sized forage fish is important 
for small fingerling survival, whereas large fingerling survival was dependent on total 
invertebrate abundance. As with fry, both sizes offingerlings had higher survival in 
more northern lakes. Predation was not a large factor influencing survival for either size 
group of fingerlings. Water temperature at the time of stocking had a larger effect on 
small fingerlings as compared to large fingerlings. Given these results, we recommend 
lakes with high abundances of small cyprinids along with other small forage fish should 
be considered for stocking small fingerling walleye, whereas northern lakes with high 
invertebrate densities be stocked with large fingerlings. Small fingerlings should be 
stocked early in the year to avoid high water temperatures. The influence of latitude 
was not as strong on small fingerlings as it was for fry and large fingerlings, therefore, 
walleye stocking in the southern part of the state should focus primarily on small 
fingerlings. 
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Table 5. Multiple regression analysis of factors affecting survival of small fingerling 
stocked walleye in Illinois lakes. 
Variable 
Forage fish density 
Latitude 
Overall Model 
Partial R2 
0.43 
0.24 
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Model R2 
0.43 
0.67 
0.67 
F-value 
9.14 
8.24 
11.44 
P-value 
0.01 
0.02 
<0.01 
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Figure 13. Mean catch per unit effort {fish/h) of walleye stocked as small 
fingerlings (50 mm). CPUE is based on fall night time electrofishing averaged 
across years. Error bars represent 1 standard error. . 
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Figure 14. Mean catch per unit effort (fish/h) of walleye stocked as large fingerlings. 
CPUE is based on fall night time electrofishing. Lakes Shelbyville and Springfield 
are based on one year of data. Error bars represent one standard error. 
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Figure 15. Relationship between forage fish (20 - 50 mm) density and 
catch per unit effort (fish/h) of small fingerling stocked walleye. CPUE 
is based on fall night time electrofishing. Values are means from each 
lake from 1991-1997. 
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Figure 16. Relationship between latitude and catch per unit effort (fish/h) 
oflarge fingerling walleye. CPUE is based on fall night time electrofishing. 
Values are means from each lake from 1991-1997. 
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Figure 17. Relationship between summer benthic invertebrate density and 
catch per unit effort (fish/h) of large fingerling walleye. CPUE is based on 
fall night time electrofishing. Values are means from each lake from 1991-1997. 
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Figure 18. Average total length of walleye collected in the fall by electrofishing 
from small fingerling (50 mm) stockings. Values are averaged across several years. 
Error bars represent 1 standard error. 
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Figure 19. Total length of walleye collected in the fall from large fingerling 
· stockings (100 mm). All lakes except Leaquana and Sterling are based on 
one year of data. Error bars represent 1 standard error. 
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Figure 20. Relationship between total length of small fingerling stocked walleye 
collected in fall and mean summer chironomid density (N/m2). Values are means 
from each lake from 1991-1997. 
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Figure 21. Relationship between growth of large fingerling stocked walleye and benthic 
invertebrate density. Fall growth increment is measured by subtracting the length at 
stocking from the mean fall total length. 
42 
... 
-E 
E --C: 
Q) 
E 
(..) 
C: 
..c: 
j 
e 
(9 
-C'IJ 
LL 
56 
54 - r = 0.90 • P = 0.04 
;i2 -
50 - • 
48 - • • 46 -
44 -
... ·----· ·---·----
42 -
40 -
38 -
36 - • 
34 I I I I I 
37 38 39 40 41 42 
Latitude (x10,000) 
Figure 22. Relationship between latitude and growth of walleye 
stocked as large fingerlings. Fall growth increment is measured 
by subtracting the length at stocking from the mean fall total length. 
43 
... 
7 
i 
43 
-.c 
10 --r-------------------~ 
8 -
r = 0.85 
P = 0.07 • 
• 
:c: 6 -
en 
t.:= - • 
2 -
• 
0 -I I I I I I I I I I 
34 36 38 40 42 44 46 48 50 52 54 56 
Fall Growth Increment (mm) 
Figure 23. Relationship between catch per unit eflbrt and growth of 
large fingerling stocked walleye. Fall growth increment is measured 
by subtracting the length at stocking from the mean fall total length. 
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Job 101.3. Size-specific survival. growth. and food habits of walleye fry and fingerlings 
OBJECTIVE: To compare size-specific survival, growth, and food habits of walleye fry 
and fingerlings stocked in impoundments 
INTRODUCTION: Two basic strategies have developed for stocking walleye to 
supplement natural populations or to add an additional fish species for the benefit of 
anglers. The first is to stock large numbers of walleye fry in hopes that, despite 
relatively poor survival to juvenile and yearling classes, a percentage of that stocking 
will survive and contribute to (or create) a strong year class. The second strategy is to 
stock smaller numbers of intermediate to advanced fingerlings in hopes that large size 
and increased survival will lead to strong year classes. In weighing these two options, 
considerations include hatchery production costs and relative survival of stocked 
walleye. 
Stocking multiple sizes of walleye annually in a single lake is one method that has been 
used to optimize chances of stocking success. During the last several decades, 
numerous studies have attempted to compare survival of stocked fry and different sizes 
of fingerlings. Until recently, results of most those studies were confounded by the 
researchers' inability to positively identify these size groups. Thus, stock assessments 
were made from inferences based on questionable assumptions such as total lengths in 
the first fall after stocking, counting daily rings to affirm known-aged hatchery fish 
(Fielder 1992), assuming natural reproduction was limited following stocking 
(McWilliams and Larscheid 1992; Mitzner 1992), or stocking fry and fingerlings in 
alternate years (Carlander et al. 1960; Forney 1975). 
Genetic and chemical marking techniques have greatly facilitated stocking assessments 
during recent years (Murphy et al. 1983; Jennings and Philipp 1992; Koppleman et al. 
1992). Although there are reports indicating that stocking larger walleye is preferable to 
smaller fish (Heidinger et al. 1985; Santucci and Wahl 1993), results have often been 
surprising in that contributions of stocked walleye to recruitment have not always 
favored stocking walleye at the advanced sizes (Kraai et al. 1983; Jennings and Philipp 
1992; Koppleman et al. 1992). Relative survival of walleye stocked at multiple sizes 
has been variable among lakes and within lakes among years (Laarman 1978; 
Heidinger et al. 1985; Santucci and Wahl 1993 ). 
The most effective way to obtain conclusive evidence regarding the relative benefits of 
fry versus fingerling stocking is to obtain data from lakes where mixed-size stockings 
are conducted. In these situations, it can be expected that the physical, chemical, and 
biological conditions that dictate year-class strength will apply to both fry and 
fingerlings, allowing meaningful comparisons of differences in survival. In this job, 
mechanisms influencing post-stocking survival were evaluated in lakes where different 
size groups of walleye were stocked during the same year. The results of the stocking 
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data are presented in two ways. The first analysis is based on all fish stocked as would 
occur during normal stocking procedures. In the second analysis, the stocking numbers 
are adjusted by the stress related mortality determined 24-48 hr after stocking (see job 
101.1 ). This analysis examines relative survival due to factors other than stocking 
mortality. 
We also examined relative survival of walleye fry and fingerlings stocked inshore versus 
offshore. Stocking walleye in littoral areas of lakes dominated by Centrarchids may 
impose substantial increases of predator related mortality (Santucci and Wahl 1993). 
Additionally, movement of stocked walleye may be limited to areas closely associated 
with stocking sites (Parsons and Pereira 1997). Such behavior may limit the stocked 
walleyes' access to forage, refuge, and consequently, survival. Since natural 
recruitment is nonexistent in most of the study lakes, in some cases we were able to 
mark one half the walleye stocked with oxytetracycline. Marked walleye were stocked 
either at the boat ramps where they are most often stocked by biologists or they were 
taken by boat and stocked in pelagic areas of the lakes. Unmarked walleye were 
stocked at locations alternative to the marked walleye. 
PROCEDURES: Fry and fingerlings used for the experimental stocking were usually 
provided by the Illinois Department of Natural Resources (IDNR). However, in most 
years, advanced fingerlings stocked into Lake Shelbyville were purchased by the 
United States Army Corps of Engineers from private hatcheries in Wisconsin. Origin of 
all remaining walleye stocked is unknown since few walleye stocked in Illinois originate 
from Illinois broodfish. Target numbers for stocking were 3000/ha for fry, 90/ha for 
small fingerlings, and 65/ha for large fingerlings, but varied as to the availability in some 
instances (Table 1 ). A description of the lakes can be found in job 101.1. 
All walleye fry and small fingerlings (30-60 mm) were marked by immersion in 500 mg/L 
OTC for 6 h (Brooks et al. 1994) prior to stocking. Marking was dependent upon the 
stocking strategies and whether or not natural walleye recruitment occurred in the lake. 
All large fingerlings (95-110 mm) were marked with fin clips (pelvic or pectoral) in each 
year of the study. All sizes of walleye were not always stocked in the same year in 
each lake. Marking efficacy was measured in control ponds and was high in all years 
except in 1997 for some stocked walleye. Results from 1997 are included in figures for 
this report, but were not included when making recommendations. Reasons for the 
poor mark retention in 1997 are not known. 
Stocking mortality was determined after most stockings as described by Clapp et al. 
1997 (Appendix A). Subsamples (;,:100) of stocked walleye fry were placed in each of 
three plastic tubs (133 L) for 24 h. Subsamples of fingerlings (;,:25) were placed in 
floating cages with 3.2-mm mesh for 48 h after stocking. 
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Walleye were collected primarily by fall (September-December) electrofishing as 
described in job 101.1. Walleye subsamples (n= :2:25 mm TL) were measured to the 
nearest 1.0 mm TL at the time of stocking and after fall collections. Additional effort 
was expended to collect walleye during spring and summer months. Relative survival 
(RS) between walleye stocked at different sizes was determined by comparing ratios of 
the number of walleye stocked to that of those recaptured (Heidinger and Brooks 1998; 
Heidinger et al. 1985) as follows: 
RS = (n/N1)/(nJN0 ) 
RS = relative survival. 
n1 = number of walleye stocked at size f and later recaptured. 
N1 = number of walleye stocked at size f. 
n0 = number of walleye stocked at size e and later recaptured. 
N0 = number of walleye stocked at size e. 
Confidence limits (95%) for RS estimates were calculated assuming binomial 
distributions. Statistical significance was determined at p = 0.05 using Z-scores where -
1.96 ;,: Z ;,: 1.96. At least five walleye were required to indicate significance following 
stockings where only one size group was subsequently collected (RS= oo). 
FINDINGS: 
Large Fingerlings versus Fry : 
Relative survival between stocked walleye fry and large fingerlings was determined in 
six lakes, and a total of 24 paired stockings were conducted. Fifteen of the 24 
stockings (63%) were analyzed for relative survival. Less than five walleye were 
collected from the remaining nine stockings and therefore could not be analyzed. Total 
numbers collected from the 15 stockings ranged from 5 to 157 during 1992 through 
1996. 
When combining across lakes and years, contribution of large fingerling stocked 
walleye was higher than fry stocked walleye (Figure 24, ANOVA; P = 0.01 ). In lakes 
stocked with all three size classes, large fingerlings usually had higher CPUE than both 
fry and small fingerlings (Figure 25). In the paired stockings, relative survival favored 
fry only once (7%) and large fingerlings 14 (93%) times (Figure 26). The only time that 
survival favored fry was in Randolph County Lake in 1993 when only fry-stocked 
walleyes (N = 6) were collected. Large fingerlings were collected exclusively twice: 
Leaquana in 1992 (N = 29) and Sterling Lake in 1995 (N = 65). Survival favored large 
fingertings in all years and lakes when both sizes were recovered (N = 12). Relative 
survival values were all statistically significant and ranged from 3:1 to 11,678:1 (Figure 
26). 
Relative survival does not consider the cost of producing fry versus fingerlings. When 
incorporating economic costs, relative survival between fry and fingerlings should favor 
large fingerlings at ratios high enough to warrant stocking the larger, more expensive 
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walleye. To conduct this analysis, relative survival in excess of 100:1 was chosen as 
the decision level required for economic juctification. An RS of 100: 1 would indicate 
that survival of 100 stocked fry would contribute to a yearclass in numbers equal to 
stocking one large fingerling. Given this criteria, four of the six lakes would have 
greater benefit/cost stocking with large fingerlings than stocking fry - Shelbyville, 
Springfield, LeAquana, and Sterling (Figure 26). Relative survival of large fingerlings 
was greater than 100: 1 following nine of the 15 (60%) stockings in those lakes. 
Based on a protocol developed by the IDNR, Division of Fisheries, that requires a 
minimum electrofishing catch of 5.0 walleye per hour over a five year period, only two 
lakes (Randolph County and Ridge) would not have met the criteria. The two lakes 
accounted for four of the six stockings that did not favor large fingerlings by more than 
100:1. In the remaining lakes, stocking favored large fingerlings following nine of 11 
(82%) stockings. The two stockings that did not favor large fingerlings by more than 
100:1 were in Sterling Lake. 
Adjustments of numbers stocked by initial stocking mortality resulted in only one 
change of RS significance - Ridge Lake in 1995 (RS=2:1: Z-score=1.39). Relative 
survivals when both size groups were collected ranged from 2:1 to 5,722:1. Mortality 
adjustments also did not significantly affect the number of stockings favoring large 
fingerlings at ratios greater than 100:1. 
Small Fingerlings versus Fry: 
Walleye were stocked to compare survival of fry and small fingerlings on 30 occasions 
( excluding 1997) in nine lakes. Seven stockings resulted in less than five walleye 
collected at age-0 in the fall and therefore could not be analyzed for relative survival. 
Fry-stocked walleye never survived at significantly higher RS1han small fingerlings 
following the 23 remaining stockings. Small fingerlings were collected (N = 11 to 43) 
exclusively following three (13%) stockings. Relative survival ranged from 4:1 to 
7,851 :1 when both size groups were collected (N = 20), and all were statistically 
significant. 
Small fingerlings contributed more than fry when comparing across all lakes and years 
(Figure 24), and usually contributed more than fry when stocked in the same lake 
(Figure 25). Thirteen of 23 stockings (57%) resulted in RS favoring small fingerlings by 
a ratio more than 100:1 (Figure 26). However, if the IDNR walleye stocking protocol is 
applied, only five of the nine lakes stocked would qualify for stockings. Fifteen 
stockings in those lakes resulted in fall collections of five or more walleye, and nine 
(60%) resulted in RSs greater than 100:1. 
Large Fingerlings versus Small Fingerlings: 
Survival was compared following 22 stockings in five lakes (Table 1 ). Less than five 
walleye were collected following five stockings. Relative survivals were statistically 
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insignificant in two of the remaining 17 stockings. Statistically significant RSs following 
the remaining 15 stockings were divided at eight (53%) in favor of small fingerlings and 
seven (47%) favoring large fingerlings. Four stockings resulted in only small fingerlings 
collected, and all were from Randolph County Lake. When all lakes and years were 
combined, there was no difference in contribution between small and large fingerlings 
(Figure 24 ). 
As with fry versus fingerling assessments of economic costs, large fingerlings require 
higher survival rates than small fingerlings to justify the added expenses for rearing 
(additional pond and/or raceway space, food, manpower, etc). However, the exact ratio 
favoring larger fingerlings required to justify stocking them is difficult to ascertain since 
costs for everything associated with rearing walleye to larger sizes can be variable. 
Intangibles such as pond space and personnel availability to rear the walleye may also 
be limiting. For the purpose of this analysis, we conservatively assumed that five small 
fingerlings can be produced for every one large fingerling. Thus, RSs favoring large 
fingerlings must exceed 5: 1 (large:small) to be feasible for stocking in lieu of the smaller 
fingerlings. Therefore, 13 of 17 (76%) of the stockings resulted in unfavorable results 
for stocking large fingerlings. The four RSs that favored stocking large fingerlings were 
divided among three lakes including Leaquana, Ridge, and Sterling lakes (Figure 25, 
26). · 
Adjustments for initial stocking mortality decreased the number of stockings of large 
and small fingerlings that resulted in statistical significance from 15 to 11. Five (29%) 
stockings favored small fingerlings, and six (35%) favored large fingerlings. 
Latitude appeared to affect size-specific survival of fingerlings. All seven stockings 
conducted below a latitude of 392708 (Ridge Lake) resulted in RSs favoring small 
fingerlings. The two stockings in Ridge Lake that resulted in collection of more than five 
walleye favored large fingerlings one time and small fingerlings one time. Three of 
eight (38%) stockings at latitudes above Ridge Lake favored large fingerlings. These 
results agree with those in job 101.2, where large fingerling survival increased with 
latitude. 
Use of Age 1 and Older Walleye: 
Age 1 and older walleye were collected in subsequent years following stocking in an 
attempt to bolster numbers for RS estimates. In spite of collecting 490 additional 
walleye, relative survivals were significantly affected in only four cases and only in Lake 
Shelbyville. After age 1 and older walleye were added, relative survival favored large 
fingerlings over fry (at a ratio of 100:1 or greater) following 11 of 17 (65%) stockings. 
Two additional RSs were also added to the large:small fingerlings total comparisons 
resulting in 14 of 19 (74%) stockings favoring small fingerlings over large. 
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Inshore versus Offshore Stocking: 
The question of whether or not survival of stocked walleye in terms of recruitment to 
age-1 could be increased by altering traditional stocking procedures to include 
transporting the walleye to pelagic areas of the lake prior to their release was also 
assessed. Walleye fingerlings were stocked in Bloomington and Kinkaid lakes to 
compare survival by stocking location. Stockings were conducted a total of six times, 
but results of two were questionable due to marking losses in 1997. Relative survivals 
favored walleye stocked pelagically in all three stockings that results were measurable, 
but only two were significant. In those two cases, only walleye stocked offshore were 
collected following stocking. Relative survival was 1 :2 (inshore:offshore ), but not 
statistically significant, when walleye stocked at both locations were collected following 
stocking. 
Although comparison of inshore versus offshore survival of fry was attempted in three 
lakes on five occasions, only one was analyzable. Less than five walleye were 
collected following four of the stockings. Relative survival of walleye fry stocked in Lake 
Sara in 1996 favored inshore stocking 2: 1, but was not statistically significant. 
Growth: 
Total lengths were taken from each of the walleye collected, and comparisons of growth 
among the size groups were made during the study (Figure 25). Walleye stocked as fry 
and small fingerlings had similar growth in most months among all the lakes. Large 
fingerlings were usually smaller throughout the fall months. Slower growth by the large 
fingerlings may have been due to the low numbers of appropriate sized prey at the time 
of stocking (see job 101.4 ). Growth did not influence overwinter survival of stocked 
walleye (r2 = 0.02; P = 0.53). 
Walleye Diets: 
We examined over 10,000 walleye diets during spring and fall across all size classes of 
walleye. We were unable to sample small walleye (less than 100 mm) in the field for 
diets, therefore laboratory and pond studies were conducted to examine juvenile 
walleye food habits (see job 101.4). There were no differences in diet between adult 
and young of year walleye in either fall or spring. Because of this, we combined diet 
data for all walleye collected. Invertebrates and fish made up the entire diet of feeding 
walleye. Centrarchids were not as common in the diets as were other fish such as 
cyprinids. When shad were present, they were almost always found in walleye 
stomachs more than centrarchids. Shad also were preyed upon more in fall than spring 
in all lakes except for two. We also found a higher occurrence of empty stomachs in 
spring as compared to fall (Tables 6,7). 
RECOMMENDATIONS: When combining across all lakes and years, CPUE of walleye 
fingerlings was significantly higher than that of fry. Small and large fingerling CPUE did 
not differ across lakes, however, in individual lakes large fingerlings typically survived 
so 
better than both fry and small fingerlings. In some lakes survival was low for all size 
classes, suggesting those lakes should not be stocked with walleye. Four of the 12 
lakes used for this study exhibited consistently poor survival of walleye following 
stocking. 
When analyzing the economics of stocking fingerlings versus fry, it is necessary to 
determine both the RS and the cost of the fish stocked. We chose 100:1 as our 
conservative economic break off point. Using the RS requirement of 100:1 for 
fingerlings versus fry, stocking large fingerlings would have been more beneficial than 
fry in 60% of the trials for all lakes. Small fingerling survival was at least 100: 1 over fry 
for 57% of all stockings. Similarly, stocking ratios for small versus large fingerlings is 
dependent on survival as well as hatchery considerations. The RS of 5:1 (large:small 
fingerlings) used here attempted to take these factors into account. Small fingerlings 
were stocked at approximately 1.3 times the rate of large fingerlings. With these 
assumptions, 76% of stockings resulted in RSs favoring small fingerlings over large 
fingerings. 
Stocking size also affected growth of walleye fingerlings. Small fingerlings reached 
larger sizes by fall than large fingerlings. Early stocked fish were able to feed on 
abundant appropriately sized forage (see job 101.4). Later stocked large fingerlings 
often. were too small to feed on available fish prey. 
Based on these analyses, we recommend stocking fingerlings (small and large) over fry 
to contribute to walleye fisheries in most lakes. Also, stocking small fingerlings, rather 
than large fingerlings, will maximize the probability for survival and better growth of 
stocked walleye in Illinois reservoirs. Stocking of walleye should be conducted offshore 
to improve survival. These recommendations should be viewed as general guidelines 
for lakes across Illinois. However, given the multitude of conditions that could ultimately 
affect survival of stocked walleye, it is nearly impossible to predict stocking success 
based solely on sizes of the walleye stocked. Therefore, to achieve good walleye 
stocking success, recommendations should be made on an individual lake basis (see 
job 101.1 and 101.2). For example, northern lakes with high benthic invertebrate 
densities may be better suited for large fingerlings than small fingerings. Similarly, by 
timing stocking with zooplankton peaks in northern lakes with high invertebrate 
densities, fry stocking can be successful. Finally, differences in temperature between 
the hatchery and lake at the time of stocking should bE! assessed before stocking. 
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Table 6. Spring food habits (percent occurrence in stomachs) for all sizes of walleye 
stoc~ed during 1992-1997 in Illinois lakes. Number of walleye examined are in 
parentheses. Lakes without gizzard shad are indicated with a dash(-). 
Lake Empty Centrarchid Shad 
Bloomington (107) 62 1 14 
East Fork (504) 87 3 2 
George (70) 74 1 11 
Kinkaid (47) 81 0 9 
Leaquana (217) 44 21 
Pierce (1681) 42 13 3 
Randolph (63) 60 17 
Sam Dale (17) 35 18 12 
Sara (34) 38 12 24 
Shelbyville (227) 55 13 6 
Springfield (68) 41 0 44 
Sterling (997) 34 15 
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Other 
fish 
19 
2 
7 
2 
24 
33 
10 
12 
3 
26 
24 
51 
Other 
14 
7 
6 
9 
21 
25 
24 
24 
24 
12 
0 
20 
Table 7. Fall food habits (percent occurrence in stomachs) for all sizes of walleye 
stocked during 1992-1997 in Illinois lakes. Number of walleye examined are in 
parentheses. Lakes without gizzard shad are indicated with a dash(-). 
Lake Empty Centrarchid 
Bloomington (507) 17 13 
East.Fork (295) 53 26 
Fox (41) 39 15 
George (84) 39 15 
Kinkaid (39) 33 13 
Leaquana (629) 45 24 
Pierce (1458) 34 18 
Randolph (127) 42 37 
Ridge (55) 60 22 
Sam Dale (111) 39 19 
Sara (79) 11 20 
Shelbyville (802) 43 9 
Springfield (253) 19 4 
Sterling (1408) 39 26 
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Figure 24. Fall catch per unit effort of three size classes of stocked walleye. CPUE 
was determined by fall electrofishing at night. Data is combined across lakes and 
years. Different letters denote significance at the 0.1 alpha level. 
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Figure 25. Fall catch per unit effort of three different size classes of stocked 
walleye in four Illinois lakes. CPUE was averaged across years and determined 
by night electrofishing in the fall . 
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Figure 26. Relative survival of walleye stocked as fry, 50-mm and 100-mm fingerlings 
without adjusting for initial stocking mortality. Comparisons of survival are given in 
each chart. 
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Job 101.4 Laboratory and pond experiments 
OBJECTIVE: To evaluate the role of forage base and predators in determining the 
survival and growth of walleye fry and fingerlings in laboratory and pond experiments. 
INTRODUCTION: Examining the effects of predators and prey availability on young 
walleye in the field is often problematic due to difficulty in collecting small walleye and 
the large number of potential variables that can effect growth and survival. Laboratory 
and pond experiments eliminate these difficulties and can help focus the variables to 
examine in field assessments. 
Walleye fry initially consume zooplankton as their primary forage. As they grow and 
their ·gape becomes less limiting, their diet broadens to include invertebrates and small 
fish. In general, walleye are piscivorous after reaching 50 - 60 mm if forage fish are 
available. However, the availability of appropriately-sized forage fish is highly variable 
both across impoundments in any given year and from year-to-year within an 
impoundment. If appropriately-sized forage fish are unavailable or low in abundance 
when fingerling walleye are ready to switch to piscivory, reliance on benthos may be 
necessary for walleye fingerling survival. Since diet directly affects growth rate, the 
degree to which the fingerlings must consume benthos and other invertebrates may 
affect juvenile walleye growth rate, and ultimately may also affect walleye fingerling 
survival. 
We investigated the importance of zooplankton, benthos and forage fish density on the 
growth and survival of fingerling walleye in controlled laboratory and pond experiments. 
In addition, we examined prey selection by juvenile walleye on zooplankton and fish. 
Finally, to quantify prey preferences of fingerling walleye and to examine mechanisms 
that may have produced the observed results we conducted foraging behavior and 
growth experiments of walleye feeding on fish and benthos. 
PROCEDURES: 
Walleye fry: zooplankton prey 
To examine the effects of zooplankton density on walleye fry growth and survival, pond 
experiments were conducted by stocking 4000 larval walleye (mean TL = 8.64mm) in 
0.04 ha ponds with low, medium, and high zooplankton densities. Low zooplankton 
densities (initial density excluding rotifers = 984 zooplankton/L) were established in 
three ponds by applying copper sulfate four weeks prior to and ten days after the 
introduction of walleye fry. Copper sulfate reduces the abundance of phytoplankton, 
thereby depleting the food source for zooplankton. High zooplankton density ponds ( 
1278 zooplankton/L)were created by adding liquid organic fertilizer (9-18-9 N:P:K) to 
three ponds at a rate of 220 kg/ha four weeks prior to stocking walleye. Fertilizer was 
added three times per week to maintain secchi readings below 45 cm. Zooplankton 
densities were intermediate in four untreated ponds (1036 zooplankton/L). 
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Zooplankton samples were taken from each of the ponds at three to four day intervals 
over a two week period. Samples were collected from the entire water column with a 
7.6 cm diameter acrylic tube and filtered through a 64 µm mesh screen and preserved 
in a 10% formalin/sucrose solution. Zooplankton was enumerated by counting three 
1 ml subsamples. Lengths from 10 individuals of each taxon were determined so that 
zooplankton biomass could be derived from species-specific length-weight regressions 
(Culver et al. 1985). 
Walleye fry were collected on the same dates as zooplankton by light trapping. Five 
walleye were retained and measured (nearest 0.01 mm, total length) on each sampling 
date to determine growth rates. Stomach contents were identified, counted, and 
measured for each fish. Chironomid biomass was measured as dry weight (nearest 0.1 
milligram) after drying in an oven. Gut fullness was calculated by the dry weight (g) of 
the diet divided by the wet weight (g) of the fish. Initial mortality related to stocking 
stress was measured by stocking 100 fry in each of three containers (0. 75 m diameter x 
0.6 m deep) and counting the number of dead fry after 24 hours. Water temperature, 
dissolved oxygen, and ph were monitored in each pond throughout the experiment. 
Water temperatures averaged 10.4 °C among the 10 ponds at the time walleye were 
stocked and increased to 20.0 °C at the end of the experiment. Dissolved oxygen 
ranged between 8.2 and 11.1 ppm across all treatments during the experiment. 
Procedures for examining effects of zooplankton size and species preference on 
walleye fry are given in Appendix 8, Mayer, C. M., and D. H. Wahl. 1997. The 
relationship between prey selectivity and growth and survival in a larval fish. Canadian 
Journal of Fisheries and Aquatic Sciences 54:1504-1512. 
Walleye fingerlings: invertebrate and fish prey 
In order to determine the importance of benthos and prey fish density on fingerling 
walleye growth and survival, we conducted bag experiments by placing fingerling 
walleye into each of 24 bags (1-m diameter, 1.3 m deep) suspended in a 1-acre pond at 
the Sam Parr Biological Station. The bags were constructed of nylon 3/8" diamond 
mesh netting and were attached to wooden frames with floats. We constructed one-
half of the bags with 20-mm plastic mesh bottoms to allow access to benthos. The 
remaining bags were constructed to restrict assess to benthos. The bottoms of these 
bags were black plastic with a 20-mm plastic mesh panel .2 m above the bottom so that 
walleye did not gain access to chironomids and other invertebrates that colonized the 
black plastic bottoms. 
We weighed and measured walleye fingerlings and placed 10 into each bag. Early 
juvenile bluegill (16 - 25 mm TL) were fed daily to walleye at three levels: no forage, low 
forage (2 juvenile bluegill/walleye/day), and high forage (8 juvenile bluegill/walleye/day). 
We tiad, therefore, four replicates of each treatment (2 x 3 design; access/no access to 
benthos and no, low, or high forage fish density). Twenty juvenile bluegill were 
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measured at the start of each week. Water temperature, dissolved oxygen and secchi 
depth were taken weekly. We also took zooplankton and benthos samples weekly both 
inside and outside bags to determine the effect of the bags on zooplankton and 
benthos densities. The experiment was run for 3 wks after which time walleye were 
collected, weighed and measured. In the laboratory, zooplankton and benthos were 
identified and 10 individuals of each taxon were measured. Walleye stomach contents 
were also identified, weighed and measured in the laboratory. We ran the experiment 
on12 July- 4 August, 1994 and again on 15 June - 6 July, 1995. 
In addition to the bag experiments, we conducted a series of foraging behavior 
experiments. These experiments were designed to assess fingerling walleye foraging 
given a prey choice from a continuum varying from only benthos to only forage fish, with 
intermediate combinations of benthos and fish in between these two extremes. Prey 
organisms included benthos (fourth instar Chironomus sp. Larvae) and forage fish 
(bluegill, 15 - 20 mm). Benthos density was held constant at 444 midge larvae/m2, a 
density that is within density ranges found in the field. Bluegill density was either a high 
density (83/m3) or a low density (28/m3). Fingerling walleye (60 - 70 mm TL) were 
offered the following treatments: benthos only, low bluegill plus benthos, high bluegill 
plus benthos, and high bluegill density only. Each walleye was given each prey 
treatment in random order, 24 hr apart. 
A single juvenile walleye was placed into a holding area separated by a plexiglass 
dividerfrom the rest of the aquarium (72 L) 24 hr before running an experiment. To 
acclimate forage fish, bluegill were netted into a floating cage in the experimental arena 
for 24 hr prior to experimentation. Four ice cube trays were filled with wet vermiculite 
and two plastic plants were placed randomly in each tray. In trials with benthos, using 
forceps, two chironomid larvae were placed into each compartment of each tray. The 
ice cube trays were gently lowered into the experimental arena and allowed to settle for 
1 hr before beginning the experiment. To begin an experiment, the forage fish and 
walleye were released and visual observation began. We recorded the pursuit of 
bluegill and strikes and captures of both prey types. At 5 - min. intervals we recorded 
the location of the walleye (either high or low in the water column) and the number of 
bluegill high or low in the water column and whether they were dispersed or 
congregated. After 1 hr the walleye was returned to the holding area and the prey were 
removed from the tank. 
Procedures for examining the effects of prey selection and density on growth and 
survival of various sizes of fingerling walleye are given ·in Appendix C, Kolar, C. S., M. 
L. Hooe, and D. H. Wahl. Importance of prey species, size, and density on growth and 
survival of juvenile walleye. Transactions of the American Fisheries Society (in review). 
Procedures for assessing prey selection by juvenile walleye are given in Appendix D, 
Einfalt, L. M., and D. H. Wahl. 1997. Prey selection by juvenile walleye as influenced 
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by prey morphology and behavior. Canadian Journal of Fisheries and Aquatic 
Sciences 54:2618-2626. 
To further evaluate the effect of prey type on walleye growth, walleye fingerlings (45 -
52 mm) were fed either zooplankton, benthos, or bluegill ad libitum. We weighed and 
measured two walleye and then placed them into a 38-L aerated aquarium. We had 
eight replicate tanks for each of three treatments. Appropriate prey were added in the 
following densities: 500 zooplankters/L, 385 midge larvae/m2, or 46 bluegill/m3• Prey 
densities were checked five times daily. Zooplankton was sampled using a plastic tube 
and the density was supplemented when the density fell below 200 zooplankters/L. 
Although the number of midge larvae available at each time interval varied, we ensured 
that there was a surplus of at least 10 visible larvae per tank at all times. We replaced 
consumed bluegill with an equal number of new bluegill so that 46/m3 was a maximum 
density available to walleye. After 5 days, all walleye were again weighed and 
measured and the experiment was terminated. 
FINDINGS: 
Walleye fry: zooplankton prey 
Growth of walleye fry after 13 days was dependent on zooplankton biomass in the 
ponds (Figure 28; r2= 0.64; P = 0.032). The relationship between growth and 
zooplankton biomass was also evident at 35 days when the ponds were finally drained 
(r2 = 0.75; P = 0.03). Walleye fed on cladacerans and copepods but not rotifers. 
Although chironomid larvae were present in the ponds, they were not observed in the 
diets, There was no relationship between survival and zooplankton biomass in the 
ponds (P = 0.27). Interestingly, walleye mortality was 100% in the high zooplankton 
density ponds. 
Results of experiments examining effects of zooplankton size and species preference 
on walleye fry are given in Appendix B, Mayer and Wahl 1997. 
Walleye fingerlings: invertebrate and fish prey 
In the bag experiments to assess the effect of prey density on walleye growth and 
survival, the density of benthic invertebrates present in the pond was considerably 
higher in 1995 (1,675 ± 232/m
2
, mean± SE) than in 1994 (348 ± 124/m2). Benthos 
was primarily composed of chironomids and oligocheates. During the 3-wk experiment 
in each year, surface temperatures varied from 25-28.5°C. Pond water remained clear, 
the bottom was visible at each sampling period (mean depth= 1-m). Dissolved oxygen 
concentrations were always above 7.0 mg/Lat 1-m and were generally above 8.0 mg/L. 
The final lengths of walleye fingerlings were positively correlated with the amount of 
supplemental forage fish provided (Figure 29). There was no effect of access to 
bentlios on walleye growth. Survival of walleye fingerlings also differed with amount of 
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supplemental feeding (Figure 30). Those walleye fed the high density of bluegill had 
the highest survival in both study years. In 1994, fingerlings fed the high density of 
bluegill had significantly higher survival than those not fed bluegill. In 1995, those fed 
the high density of bluegill had significantly higher survival than those fed the low 
density of bluegill. Again, there was no effect of access to benthos on walleye survival 
(although there was a trend in 1994 for higher survival in those fingerlings that had 
access to benthos ). 
Fish dominated the diet of walleye in the high forage fish density treatment, and in 
general was proportional to the amount of bluegill stocked each day (Figure 31 ). 
Benthos, fish, and zooplankton were all important in the diets of walleye receiving low 
forage fish density. Benthos was more important than zooplankton in the diets of 
walleye receiving low forage fish density. But in both the low and no forage fish 
treatments, walleye consumed more benthos in the treatment that had no access to 
bentbos than the treatment which did have access to benthos. Thus, we were 
unsuccessful in our attempt to restrict access to benthos. But, benthic invertebrates 
consisted primarily of notonectids and ephemeropterans, both of which are also mobile 
in the water column and would not have been controlled by our access/no access to 
benthos design. The proportion, by weight, of zooplankton consumed was inversely 
related to the amount of forage fish provided (Figure 31 ). 
In the foraging behavior experiments, fingerling walleye preferred bluegill over 
chironomid. larvae. Walleye searched for and pursued bluegill throughout the 
experimer,it. Walleye generally had a higher efficiency on chironomids when fish were 
present compared to when they were absent (Figure 32). In the presence of forage 
fish, walleye foraged for chironomid larvae only when they actually saw a larvae, while 
in the absence of forage fish, walleye foraged more generally and did not only attack 
visible larvae. Walleye selected prey in proportion to the relative abundances of each 
prey type present (see Figure 33). Thus, the most chironomids were eaten when only 
chironomids were available. Much fewer were eaten when fish were also available at a 
low density, and even fewer were eaten when fish were available at a high density. 
Likewise, the number of bluegill eaten increased when their relative abundance was 
higher. In this manner, bluegill replaced chironomids as prey as they became more 
available. 
Results of the experiments examining the effects of prey selection and density on 
growth and survival of fingerling walleye are given in Appendix C, Kolar et al. (in 
review). 
Results of the experiments assessing prey selection by juvenile walleye are given in 
Appendix D, Einfalt and Wahl 1997. 
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In growth experiments, walleye fed bluegill gained the most weight of all three prey 
types. Those fed chironomids gained more weight than those fed zooplankton (Figure 
34 ). So, though all walleye were fed ad libitum, prey type influenced growth of walleye. 
RECOMMENDATIONS: Laboratory and pond experiments studying the importance of 
prey 'resources were critical in helping to focus the evaluation of these variables in the 
field. Prey selection and density both affected walleye growth and survival. Growth of 
walleye fry increased with increasing zooplankton density in the pond experiments. 
Species and size of zooplankton also influenced growth and survival of walleye fry. In 
the bag experiments, we showed that juvenile walleye growth is positively correlated 
with forage fish density. The foraging behavior experiments showed that fingerling 
walleye preferred bluegill to benthos, but that as forage fish were less abundant, they 
foraged more heavily on benthos. This preference for forage fish when walleye reach 
50 - 60 mm is likely explained by larger mouth gapes, and was reflected in the results 
of our growth experiments. Walleye of this size grew better when they could feed 
completely on forage fish than when having to rely on either just benthos or 
zoo plankton. We also found that walleye greater than 100 mm were able to forage on 
gizzard shad more efficiently than centrarchids. These results suggest that walleye 
should be stocked in gizzard shad and cyprinid dominated lakes rather than centrarchid 
dominated lakes. 
The experiments with fingerling walleye revealed that juvenile walleye prefer fish over 
invertebrate prey, that walleye growth is faster while foraging on fish than on either 
bentt:,os or zooplankton, and that walleye growth is positively related to the amount of 
prey fish available. 
These experiments emphasize that the quality and amount of prey available to 
fingerling walleye is important in determining their growth. In the field, therefore, we 
would expect maximum walleye growth in situations where the appropriately-sized 
forage fish are abundant. These results were helpful in interpreting field patterns and in 
determining the importance of prey availability on growth and survival of stocked 
walleye. 
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Figure 28. Relationship between walleye fry growth and zooplankton biomass in ponds. 
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Job 101.5 Analysis and reporting 
OBJECTIVE: To prepare annual and final reports which develop management 
guidelines for stocking walleye in Illinois impoundments. 
FINDINGS AND RECOMMENDATIONS: Relevant data were analyzed and reported in 
individual jobs of this report (see Job 101.1-101.4) and in the following appendices: 
Appendix A: Clapp, D. F., Y. Bhagwat, and D. H. Wahl. 1997. The effect of thermal 
stress on walleye fry and fingerling mortality. North American Journal of Fisheries 
Management 17:429-437. 
Appendix B: Mayer, C. M., and D. H. Wahl. 1997. The relationship between prey 
selectivity and growth and survival in a larval fish. Canadian Journal of Fisheries and 
Aquatic Sciences 54:1504-1512. 
Appendix C: Kolar, C. S., M. L. Hooe, and D. H. Wahl. Importance of prey species, 
size, and density on growth and survival of juvenile walleye. Transactions of the 
American Fisheries Society (in review). 
Appendix D: Einfalt, L. M., and D. H. Wahl. 1997. Prey selection by juvenile walleye as 
influenced by prey morphology and behavior. Canadian Journal of Fisheries and 
Aquatic Sciences 54:2618-2626. 
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Appendix A 
The Effect of Thermal Stress on Walleye Fry 
and Fingerling Mortality 
David F. Clapp1 , Yamini Bhagwat, and David H. Wahl 
Kaskaskia Biological station 
Center for Aquatic Ecology 
Illinois Natural History Survey 
Rural Route 1, Box 157 
Sullivan, Illinois 61951 
1 - Present address: Michigan Department of Natural 
Resources, 96 Grant Street, Charlevoix, Michigan 49720, USA. 
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Abstract. - We performed laboratory and field tests of the 
relationship between temperature stress, fish size, and mortality in 
walleye Stizostedion vitreum. Laboratory treatments included fish 
size (fry and two sizes of fingerlings), temperature increase, 
acclimation temperature, and tempering rate. All variables 
significantly influenced walleye mortality. Smaller sizes of walleye 
were more vulnerable to thermal stress than large walleye. Fry (mean 
total length (TL)= 9.3 mm) acclimated to 14°C experienced increased 
mortality with temperature when transferred to final temperatures of 
16-26°C, corresponding to temperature increases of 2-12°c. Small 
fingerlings (mean TL= 44.0 mm) experienced little mortality at final 
temperatures less than 31°C. Large fingerlings (mean TL= 95.9 mm) 
had markedly lower mortality rates, with high mortality only when 
temperatures were increased by greater than 11°C (final temperatures 
32°C and greater). Both increased acclimation temperature (24°C 
versus 20°C) and slower tempering rates (0.02°C/min versus 1.50°C/min) 
significantly reduced mortality for small and large walleye 
fingerlings at temperatures (31-32°C) just below upper lethal values. 
Results of laboratory experiments were confirmed in field enclosures. 
Mortality at 24 h after stocking ranged from 0-100% for fry and 
fingerlings, and positive significant relationships were observed 
between mortality and lake temperature at stocking for fry and small 
fingerlings. Survival of stocked walleye can be improved by matching 
hatchery temperatures to ambient lake temperatures, and not stocking 
walleye, or using long tempering periods, when ambient temperatures 
are greater than 22°c (fry stocking) or 30°C (fingerling stocking). 
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Walleye Stizostedion vitreum are stocked throughout much of North 
America (Fenton et al. 1996), but with highly variable survival 
(Laarman 1978). Variable survival probably results from the 
interaction of a number of physical and biotic factors, including 
forage availability (Forney 1977; Mathias and Li 1982; Carline et al. 
1986; Wahl and Stein 1988; Madenjian et al. 1991), resident predators 
(Hanson et al. 1986; Santucci and Wahl 1993), physical-chemical 
conditions (Koonce et al. 1977; Serns 1982; Bergerhouse 1992), and 
stocking stress (Carmichael et al. 1984a,b; Mather and Wahl 1989). 
Managers often have some control over stress induced when stocking 
fish. Because direct links between stocking stressors and fish 
mortality are not always clear (Mather et al. 1986), additional 
information on methods for reducing stress would be useful for 
increasing survival rates. 
Stress in fish can originate from a number of sources including 
poor water quality, high hauling densities, and handling. Two of the 
most important stressors for fish are abrupt changes in water 
temperature and temperature extremes. Physiological effects of 
thermal stressors on fish include changes in blood chemistry (Barton 
et al. 1986; Mather et al. 1986; Williamson and Carmichael 1986; Tang 
and Boutilier 1988), and in extreme cases may include mortality 
(Mather and Wahl 1989). Acclimation temperature (Lee and Rinne 1980; 
Koban et al. 1987; Mather and Wahl 1989) and tempering rate (Hokanson 
and Koenst 1986) probably interact with temperature changes and 
temperature extremes, on a species-specific basis, to influence 
mortality. 
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Two basic strategies are used when stocking walleye to supplement 
populations. The first is to stock large numbers of relatively 
inexpensive walleye fry in hopes that, despite poorer survival for 
these small fish, a significant number will contribute to a year 
class. The second strategy is to stock fewer intermediate to advanced 
fingerlings in hopes that the increased survival conferred by size 
will lead to strong year classes. In weighing the benefits of these 
two options, considerations include hatchery production costs (Fenton 
et al. 1996) and relative survival for stocked walleye of different 
sizes. Information concerning the effects of stocking stressors such 
as extreme temperatures and temperature change on relative survival of 
different sizes of walleye is important in deciding which strategy to 
implement when stocking walleye. Preliminary field evaluations 
indicate that small walleye suffer higher stocking mortality than 
large fish {Santucci and Wahl 1993), but because small walleye are 
usually stocked at different water temperatures than large walleye, 
temperature and size effects have been confounded in these previous 
stocking evaluations. In this study, we consider the effects of 
thermal stress on mortality of walleye fry and fingerlings. We use 
laboratory and field evaluations to examine the effects of fish size 
and commonly-encountered temperature changes, acclimation 
temperatures, and rates of temperature change on mortality of walleye. 
Methods 
Fry mortality. - Larval walleye were obtained from the Spring Grove 
4 
Hatchery, Illinois Department of Natural Resources (IDNR), and 
acclimated in 500 L tanks at 14°C for 48 h, Fry were approximately 4 
d old (the age when walleye fry are typically stocked into Illinois 
lakes) and tests were completed before yolk-sac and oil globule 
absorption was complete (Auer 1982). 
Test chambers were constructed from-4.5 L plastic trays divided 
into three 1.5 L sections by plexiglass dividers. Four holes (13 mm 
diameter) in the sides of each section were covered with mesh (500 µm) 
to allow rapid exchange of water inside the chambers. Test chambers 
were suspended in temperature-controlled acclimation tanks (500 L); 
25-35 fry were added to each section and allowed to acclimate for 24 h 
at 14°C immediately prior to the beginning of experiments. 
Experiments were conducted based on methods described by Brett 
(1952) and Mather and Wahl (1989). To begin an experiment, test 
chambers were removed from the acclimation tank (transfer time= 1 
min) and placed in test tanks held at 16, 18, 20, 22, 24, or 26°C 
(final temperatures); final temperatures were those likely to occur 
when stocking walleye fry. Height of holes on the sides of each test 
chamber allowed 0.75 L of water to be maintained in each of the three 
sections of the chamber throughout the transfer from acclimation to 
test tank. Temperature change was accomplished by manually raising 
and lowering individual chambers in the test tanks until the water 
temperature inside the chambers reached that in the test tanks. Rate 
of temperature increase was the difference between final temperature 
and acclimation temperature, divided by the time required to 
accomplish the temperature change. Rate of temperature increase in 
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fry experiments was approximately l.5°C/min {Table l}. Control 
chambers were lifted from and then returned to the 14°C acclimation 
tank. Mortality was recorded at 48 h (Mather et al. 1986; Mather and 
Wahl 1989). Following each test, sub-samples of walleye fry were 
preserved in ethanol for measurement of total length (nearest 0.1 mm). 
Mean walleye fry total length (mean TL± 1 SE) at the conclusion of 
experiments was 9.3 ± 0.1 mm. 
Fingerling mortality. - Walleye fingerlings were obtained from the 
Jake Wolf Memorial Hatchery (IDNR). small fingerlings (mean TL± 1 SE 
= 44.0 ± 0.5 mm) were acclimated in 500 L tanks at either 20°c or 24°C 
over 7 d. Large fingerlings (mean TL= 95.9 ± 1.4 mm) were acclimated 
to 20°c only. Both groups of walleye were fed fathead minnows 
Pimephales promelas and mosquitofish Gambusia affinis during the 
acclimation period, but were starved for 24 h immediately prior to the 
beginning of experiments. 
Test chambers were 10-L plastic containers with 16 holes {13 mm 
diameter) covered with mesh {1.5 mm) around the circumference of the 
chamber to allow rapid exchange of water. Height of the holes allowed 
4 L of water to be maintained in the chamber at all times. Test 
chambers were suspended in acclimation tanks to volumes of 9 L; 10 
fingerlings were placed in each test chamber 24 h prior to initiation 
of experiments. Large mesh covered the top of the chambers to prevent 
fish escape. 
To begin an experiment, chambers were removed from the acclimation 
tanks and transferred (time= 1 min) to test tanks. Small walleye 
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fingerlings acclimated at 20°C were tested at 24, 26, 30, 31, 32, and 
33°C, whereas small fingerlings acclimated at 24°C were tested at 26, 
30, 31, 32, 33, and 34°C (final temperatures; Table 1). Because small 
fingerlings suffered little mortality at temperatures below 31°C, 
large fingerlings were tested only at 31, 32, and 33°C (Table 1). 
Test chambers were manually raised and lowered in the test tanks to 
achieve a l.5°C/min increase in temperature. Tests at a l.5°C/min 
rate of temperature increase are hereafter referred to as immediate 
tempering tests. To examine if rate of temperature increase affected 
mortality, we also reduced the rate of temperature increase to 
0.10°C/min (fast tempering) and 0.02°C/min (slow tempering). Fish 
were transferred as in the immediate tempering tests, but slower 
temperature change in the fast and slow tempering experiments was 
obtained with the use of aquarium heaters. Each test temperature and 
tempering rate combination (Table 1) was replicated 3-6 times. 
Control chambers for all fingerling experiments were lifted from and 
then returned to the acclimation tank. Mortality was recorded at 48 
h, and sub-samples of fingerlings were preserved in ethanol for 
measurement of total length (nearest 1 mm). 
All test mortalities were adjusted based on control mortality 
(percent mortality minus mean control mortality for each test 
temperature and tempering rate combination). Adjusted mortalities 
were then transformed as arcsin (p0·5 J. The influence of temperature 
increase on adjusted mortality was examined separately for each 
walleye size class (fry, small fingerling, large fingerling) using 
one-way analysis of variance (ANOVA). For small and large 
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fingerlings, the effect of temperature increase and size were examined 
using a two-way ANOVA. The effect of acclimation temperature on 
mortality was also examined for small fingerlings in a two-way ANOVA, 
with acclimation temperature and final temperature as main effects. 
The effect of tempering was examined for small fingerlings at three 
temperature increases using a two-way ANOVA and for large fingerlings 
at one temperature by one-way ANOVA. Multiple comparisons were made 
by Tukey's studentized range test or least-squares means. The 
significance level for all tests was P < 0.05; probabilities for 
least-squares means comparisons were adjusted using the Bonferroni 
procedure. All analyses were performed using the general linear 
models (GLM) procedure (SAS Institute Inc. 1988). 
Field experiments. - Mortality was estimated following 77 walleye 
stockings among 15 Illinois impoundments from 1991-1994. Three size 
classes of walleye were evaluated including fry (mean TL± 1 SE= 9.2 
± 0.2 mm; N = 32 stockings), small fingerlings (mean TL= 50.0 ± 1.4 
mm; N = 34 stockings), and large fingerlings (mean TL= 97.7 ± 1.8 mm; 
N = 11 stockings). Most fry and fingerling walleye for experimental 
stocking were raised at the Jake Wolf Memorial Fish Hatchery; a few 
stockings (seven of 77 total) were made from the LaSalle Hatchery and 
Spring Grove Hatchery of the Illinois Department of Natural Resources. 
Fish were hauled for from 3 to 6 h, depending upon the location of 
the impoundment relative to the hatchery. Fry were hauled in plastic 
bags filled with oxygen-saturated water from the hatchery holding tank 
(12-16°C) and packed in styrofoam boxes. Hauling densities ranged 
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from 3,000 to 12,000 fish/L. Fingerling walleye were hauled in 
fiberglass hauling tanks at rearing temperatures (range= 20-28°C); 
bottled oxygen was used to maintain adequate dissolved oxygen levels. 
Little temperature increase (<2°C) occurred during transport. Hauling 
density for fingerling walleye ranged from 0.3 to o.5 kg/L. 
To assess mortality due to stocking stress, 100 walleye fry were 
placed in each of three floating plastic tubs (closed containers; 133 
L, 55 cm diameter, 70 cm deep) containing lake water. To minimize 
handling stress, fry were transferred to the floating tubs in cups 
filled with water from the hatchery hauling boxes. Fry were stocked 
into water temperatures of 6-25°C, and the number of fry dead after 24 
h was used to determine mortality. A 24-h evaluation period was used 
because most mortality occurred within this period in laboratory 
tests, and sampling constraints did not allow us to leave tubs for 
longer periods of time. At each field stocking, a sub-sample of fish 
(N = 50-100) were preserved in ethanol for later measurement (TL, 
nearest o. 1 mm) . 
To assess mortality of walleye fingerlings due to stocking stress, 
30 fish from each stocking were held in each of three floating cages 
for 24 h following stocking. In 1991 and 1992, cages were 1.5 m deep 
x 0.75 m diameter, with 3.2 mm mesh. In 1993 and 1994, these cages 
were replaced with 4-m deep nets of similar design. In preliminary 
paired evaluations, mortality measurements determined with 1.5-m cages 
and 4-m nets were similar. Fingerlings were stocked into water 
temperatures of 18-32°C and a sample of 30-50 fingerlings were 
measured (TL, mm) and weighed (g) from each stocking. 
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Water temperature, dissolved oxygen, and turbidity were determined 
at the time of all fry and fingerling stockings. Correlation analysis 
(PROC CORR, SAS Institute Inc. 1988) was used to investigate the 
relationship between lake temperature, temperature change from 
hatchery to lake, and mortality for each size class of walleye. 
Results 
Fry and fingerling mortality 
Walleye fry mortality in control chambers was low (mean= 4%, range 
= 0-8%), and did not vary significantly across treatments. Mortality 
of walleye fry, adjusted by control mortality, increased gradually as 
temperature change increased from 2 to 12°C (Figure 1). Temperature 
increase had a significant influence on mortality of walleye fry 
(ANOVA; df = 5,12; P = 0.02); mortality following increases of .2 and 
4°C were lower than mortality following a 12°c increase, but other 
comparisons were not significantly different (Figure 1). 
As with fry, control mortality in fingerling experiments was low 
(mean= 5%, range= 0-30%), and varied little among treatments. 
Mortality of small walleye fingerlings increased more abruptly with 
temperature change than did mortality of walleye fry (Figure 2). We 
found a significant influence of temperature increase on mortality of 
small fingerlings acclimated to both 20°c (ANOVA; df = 5,12; P < 
0.001) and 24°C (ANOVA; df = 5,12; P < 0.001). For 20°c acclimated 
fingerlings, mortality increased abruptly at temperature increases 
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greater than 10°c, corresponding to final temperatures greater than 
30°C. Mortality was slightly lower at 32°C than at 31 or 33°C, but 
was still significantly greater than at final temperatures less than 
31°C. For small walleye fingerlings acclimated at 24°C, mortality 
increased abruptly at temperature increases greater than 8°C, or final 
temperatures greater than 32°C (Figure 2). Adjusted 48-h mortality of 
large walleye fingerlings acclimated at 20°C showed an abrupt 
increase, similar to that observed for small fingerlings (ANOVA; df = 
2,9; P = 0.002), but at temperature increases greater than 11°C (final 
temperatures> 31°C; Figure 3). 
We evaluated the effect of fish size by comparing mortality of 
small and large fingerlings acclimated to 20°c and exposed to 
temperature increases of 11, 12, and 13°C (rate of change= 
1.5°C/min). A significant interaction was evident between size and 
temperature (ANOVA; df = 2,15; P = 0.001). Small fingerlings showed 
higher percent mortality (mean± 1 SE= 83 ± 7) at a temperature 
increase of 11°c than large fingerlings (4 ± 4; least-squares means, P 
< 0.001; Figures 2 and 3). Mortality at temperature increases of 12 
and 13°C were not different between small and large fingerlings 
(least-squares means, P > 0.20; Figures 2 and 3). 
By comparing small fingerlings acclimated at 20 and 24°C and 
exposed to similar final temperatures {Figure 2), we were able to test 
for an effect of acclimation temperature on walleye mortality. As 
final temperatures increased, mortality increased for both groups, but 
fish acclimated to 24°C had higher temperature tolerance (i.e., lower 
mortality when exposed to the same final temperature) than those 
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acclimated to 20°c. Acclimation temperature interacted with final 
temperature to influence mortality (ANOVA; df = 4,20; P < 0.001). At 
low (26 and 30°C) and high (33°C) final temperatures, mortality of 
small fingerlings did not differ between acclimation temperatures 
(least-squares means, P > 0.45). However, at intermediate test 
temperatures (31 and 32°C), mortality of 24°C-acclimated fish was 
lower (0% and 23%) than that of 20°C-acclimated fish (83% and 57%; 
least-squares means, P < 0.02; Figure 2). 
Rate of temperature increase (tempering) had a significant 
influence on mortality of small (ANOVA; df = 2,20; P < 0.001) and 
large (ANOVA; df = 2,9; P = 0.008) fingerlings. At a temperature 
increase of 11°C for. small fish, fast tempering (0.10°C/min) reduced 
mortality compared to immediate (1.5°C/min) temperature change (least-
squares means, P = 0.001). Reduced mortality was not observed at 
temperature increases of either 12 or 13°C (Figure 4). In contrast, 
slow tempering (0.02°C/min) reduced mortality as compared to immediate 
tempering at all temperature increases (least-squares means, P < 
0.006), but was different from fast tempering only at 13°C (least-
squares means, P < 0.001; Figure 4). For large fish, mortality also 
decreased as tempering rate decreased. Slow tempering during a 12°c 
increase (32°C final temperature) resulted in lower mortality (4 ± 4%) 
than following immediate temperature change (71 ± 12%; Tukey's, p < 
0.05). Mortality of large fingerlings following fast tempering (12°C 
increase, 32°C final) was intermediate (37 ± 9%) and not different 
from slow or immediate values (Figure 4). 
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Field experiments 
Mortality of fry in field evaluations ranged from Oto 100%. 
Surface water temperatures at stocking were generally between 10 and 
20°c, but ranged as low as 6.5°C and as high as 24.9°C. Mortality of 
stocked walleye fry was positively correlated with lake surface 
temperature at the time of stocking (r = 0.51, P = o.003) and with the 
difference between hatchery temperature and lake temperature 
(temperature change; r = 0.38, P = 0.04; Figure 5). 
Mortality of both small and large walleye fingerlings held in cages 
also ranged from o to 100% following stocking. For small fingerlings, 
mortality was related to lake surface temperature (r = 0.63, P < 
0.001) and temperature change (r = 0.52, P = 0.002; Figure 5). For 
large fingerlings, correlations between mortality following stocking 
and surface temperature (r = 0.50, P = 0.12) or temperature change (r 
= 0.55, P=0.08; Figure 5) were only marginally significant. 
Discussion 
In laboratory experiments, mortality increased with greater 
temperature changes for all sizes of walleye. For fry, average 
mortality (adjusted for control mortality) increased gradually with 
temperatures between 16 and 26°C, but never exceeded 50%. Mortality 
of small and large fingerlings increased with temperature more 
abruptly than did fry mortality. Small fingerlings had higher 
mortality rates than did large fingerlings below 32°C, a result 
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similar to previous field evaluations (Santucci and Wahl 1993). In 
contrast, ~ortality is generally similar and high (>90%) for a range 
of walleye sizes (36-140 mm; current study, Smith and Koenst 1975, 
Hokanson and Koenst 1986) when exposed to temperatures greater than 
32°C. The interaction we observed between fish size and temperature 
effects, with size only important at intermediate temperatures, 
supports previous findings of no effect of fish size on mortality at 
thermal extremes for Pacific salmon Oncorhynchus spp. (Brett 1952) and 
brown trout Salmo trutta (Elliott 1981). 
Several studies have shown that increasing acclimation temperature 
leads to increased ability of fish to survive upper temperature 
extremes (Lee and Rinne 1980; Elliott 1981; Hokanson and Koenst 1986; 
Mather and Wahl 1989). We found a similar effect of acclimation 
temperature on walleye mortality due to temperature stress. Small 
fingerlings acclimated at 24°C had lower mortality at 31 and 32°C than 
fish acclimated to 20°C. Plasticity in thermal tolerance could be 
used in stocking programs, allowing managers to adjust hatchery water 
temperatures to reduce stocking mortality. Future studies should 
determine if differences in acclimation temperature confer similar 
benefits on all sizes of fish. 
Our results show that tempering improves survival. At test 
temperatures below 34°C, slower rates of temperature increase reduced 
mortality of small and large walleye by 40 to 90%. Although tempering 
can reduce mortality due to thermal stress at moderate temperatures, 
beyond a critical temperature, tempering probably can not appreciably 
increase survival (Mather and Wahl 1989). In our study, the advantage 
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of increased survival was lost at temperatures greater than 32°C for a 
tempering rate of 0,10°C/min; the advantage gained by slow tempering 
(0.02°C/min) would likely be lost at temperatures greater than 33°C. 
Slow tempering rates also require large investments of time (10 h to 
temper fish from 20 to 33°C), and in cases of extreme temperature 
differences, better strategies might be to delay stocking until 
temperatures drop to acceptable levels or to acclimate fish to higher 
temperatures in the hatchery. 
Field tests showed a wide range of mortality for all sizes of 
walleye, but generally confirmed patterns observed in laboratory 
observations. Significant relationships between lake water 
temperature and morta-lity were observed for fry and small fingerlings. 
Temperatures near the highest final temperatures from laboratory 
experiments (within 2°C) were encountered infrequently in the field; 
temperatures encountered in fingerling experiments exceeded 30°C on 
only a few occasions, and were never greater than 32.5°C. Walleye 
stocked at more southern latitudes may experience higher temperatures 
than in our study. In our field evaluations, high mortality occurred 
below temperatures that caused high mortality in laboratory 
experiments. On several occasions, mortality in field enclosures was 
greater than 50% at temperatures below 30°C. Factors other than 
temperature, including hauling time (Carmichael et al. 1984a,b), fish 
condition (i.e., nutritional status or disease history; Mather et al. 
1986), and handling (Mather et al. 1986; Williamson and Carmichael 
1986), can also contribute to stocking mortality in other species, and 
should be evaluated for walleye. 
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Thermal stress may also have sub-lethal and indirect effects on 
walleye, including altering fish behavior. Increasing temperature has 
been shown to cause drastic behavioral changes in young salmon, 
including changes in feeding rate (Elliott 1991). Stress may also 
influence the ability of fish to avoid predation (Olla et al. 1992; 
Mesa 1994). Additional effects of chronic stress may include 
increased susceptibility to disease and decreased productivity and 
growth, ultimately leading to higher mortality rates (Wedemeyer and 
McLeay 1981). Because we did not evaluate these long-term, indirect 
effects, our measures provide minimum estimates of the potential 
effects of thermal stress on survival of stocked walleye. 
Based on our results, we can make several recommendations to reduce 
mortality of stocked walleye. Fry are more sensitive to thermal 
stress than fingerlings; to keep mortality below 10%, lake water 
temperatures at fry stocking should be less than 20°C and temperature 
increases should be less than 6°C. For fingerlings, water 
temperatures at stocking should be below 30°C and increases less than 
a 0 c; large fingerlings will suffer lower mortality when exposed to 
thermal stress than small fingerlings. These guidelines will be 
affected by both acclimation temperature and tempering rate. Fish 
held at warmer temperatures in hatcheries will have greater resistance 
to stocking stress; tempering at rates less than or equal to 
o.10°C/min can dramatically reduce stocking mortality when lake 
temperatures are high but below 33 c. Untested variables may interact 
with temperature to increase mortality at stocking (Mather and Wahl 
1989), and decisions to stock walleye at higher temperatures should be 
16 
made with these potential interactions in mind. By adjusting stocking 
practices based on these recommendations, fisheries managers can 
reduce waste and costs by improving initial survival of stocked fish. 
17 
Acknowledgements 
Technical assistance with laboratory experiments was provided by c. 
Mayer, L. Einfalt, J. Ensign, H. Liao, D. Llano, D. Lu, T. Smith, and 
other personnel at the Kaskaskia Biological Station. Walleye fry were 
provided by D. Corey and J. Ferencak of the Spring Grove Hatchery, 
Illinois Department of Natural Resources (IDNR). Fingerlings were 
provided bys. stuewe ands. Krueger of the Jake Wolf Memorial 
Hatchery (IDNR). K. Cottrell and J. Mick coordinated activities with 
the IDNR. Field assistance was provided by J. Boase, s. Bryan, M. 
Desjardins, K. Goodwin, M. Gregg, M. Herbert, R. Mauk, L. Montoya, B. 
Nerbonne, D. Partridge, T. Patterson, D. Pavlik, and B. Ritz of the 
Illinois Natural History Survey (INHS), and R. Brooks, D. Harrison, 
and J. Waddell from Southern Illinois University (SIU), Carbondale. 
D. Bergerhouse, B. Simco, and members of the Aquatic Ecology 
Discussion Group, Kaskaskia Biological Station, provided helpful 
comments on earlier drafts of this manuscript. Funding was provided, 
in part, through a grant (Project F-118-R) to D. Wahl (INHS) and R. 
Heidinger (SIU) from the Federal Aid in Sport Fish Restoration Act, 
administered through the IDNR. 
18 
References 
Auer, N. A. 1982. Family Percidae, perches. Pages 581-648 in N. A. 
Auer, editor. Identification of larval fishes of the Great Lakes 
basin with emphasis on the Lake Michigan drainage. Great Lakes 
Fishery Commission Special Publication 82-3, Ann Arbor, Michigan. 
Barton, B. A., c. B. Schreck and L.A. Sigismondi. 1986. Multiple 
acute disturbances evoke cumulative physiological stress 
responses in juvenile chinook salmon. Transactions of the 
American Fisheries Society 115:245-251. 
Bergerhouse, D. L. 1992. Lethal effects of elevated pH and ammonia 
on early life stages of walleye. North American Journal of 
Fisheries Management 12:356-366. 
Brett, J. R. 1952. Temperature tolerance in young Pacific salmon, 
genus Oncorhynchus. Journal of the Fisheries Research Board of 
Canada 9:265-323. 
Carline, R. F., R. A. stein, and L. M. Riley. 1986. Effects of 
size at stocking, season, largemouth bass predation, and 
forage abundance on survival of tiger muskellunge. American 
Fisheries Society Special Publication 15:151-167. 
Carmichael, G. J., J. R. Tomasso, B. A. Simco, and K. B. Davis. 
1984a. Confinement and water quality-induced stress in 
largemouth bass. Transactions of the American Fisheries 
Society 113:767-777. 
Carmichael, G. J., J. R. Tomasso, B. A. Simco, and K. B. Davis. 
1984b. Characterization and alleviation of stress associated 
19 
with hauling largemouth bass. Transactions of the American 
Fisheries Society 113:778-785. 
Elliott, J.M. 1981. Some aspects of thermal stress on freshwater 
teleosts. Pages 209-245 in A. D. Pickering, editor. Stress and 
fish. Academic Press, London. 
Elliott, J.M. 1991. Tolerance and resistance to thermal stress in 
juvenile atlantic salmon, Salmo salar. Freshwater Biology 25:61-
70. 
Fenton, R., J. A. Mathias, and G. E. E. Moodie. 1996. Recent and 
future demand for walleye in North America. Fisheries 21(1):6-
12. 
Forney, J. L. 1977. Evidence of inter- and intraspecific 
competition as factors regulating walleye (Stizostedion 
vitreum vitreum) biomass in Oneida Lake, New York. Journal 
of the Fisheries Research Board of Canada 34:1812-1820. 
Hanson, D. A., M. D. Staggs, S. L. Serns, L. D. Johnson, L. M. 
Andrews. 1986. Survival of stocked muskellunge eggs, fry, 
and fingerlings in Wisconsin Lakes. American Fisheries 
Society Special Publication 15:216-228. 
Hokanson, K. E. F. and W. M. Koenst. 1986. Revised estimates of 
growth requirements and lethal temperature limits of juvenile 
walleyes. Progressive Fish Culturist 48:90-94. 
Koban, M., G. Graham, and C. L. Prosser. 1987. Induction of heat-
shock protein synthesis in teleost hepatocytes: effects of 
acclimation temperature. Physiological Zoology 60:290-296. 
Koonce, J.P., T. B. Bagenal, R. F. Carline, K. E. F. Hokanson, 
20 
and M. Nagiec. 1977. Factors influencing year-class 
strength of percids: a summary and model of temperature 
effects. Journal of the Fisheries Research Board of Canada 
34:1900-1909. 
Laarman,. P. 1978. case histories of stocking walleyes in inland 
lakes, impoundments, and the great Lakes - 100 years with 
walleyes. American Fisheries Society Special Publication 
11:254-260. 
Lee, R. M., and J. N. Rinne. 1980. Critical thermal maxima of five 
trout species in the southwestern United states. Transactions of 
the American Fisheries Society 109:632-635. 
Madenjian, C. P., B. M. Johnson, and S. R. Carpenter. 1991. Stocking 
strategies for fingerling walleyes: an individual-based model 
approach. Ecological Applications 1:280-288. 
Mather, M. E., R. A. stein and R. F. Carline. 1986. Experimental 
assessment of mortality and hyperglycemia in tiger muskellunge 
due to stocking stressors. Transactions of the American 
Fisheries Society 115:762-770. 
Mather, M. E., and D. H. Wahl. 1989. Comparative mortality in 
three esocids due to stocking stress. Canadian Journal of 
Fisheries and Aquatic Sciences 46:214-217. 
Mathias, J. A. and S. Li. 1982. Feeding habits of walleye 
larvae and juveniles: comparative laboratory and field 
studies. Transactions of the American Fisheries Society 
111:722-735. 
Mesa, M. G. 1994. Effects of multiple acute stressors on the 
21 
predator avoidance ability and physiology of juvenile chinook 
salmon. Transactions of the American Fisheries Society 123:786-
793. 
Olla, B. L., M. W. Davis, and C. B. Schreck. 1992. Comparison of 
predator avoidance capabilities with corticosteroid levels 
induced by stress in juvenile coho salmon. Transactions of the 
American Fisheries Society 121:544-547. 
Santucci, V. J., Jr., and D. H. Wahl. 1993. Factors influencing 
survival and growth of stocked walleye (Stizostedion 
vitreum) in a centrarchid-dominated impoundment. Canadian 
Journal of Fisheries and Aquatic Sciences 50:1548-1558. 
SAS Institute Inc. 1988. SAS/STAT User's Guide, Release 6.03 
Edition. Cary, North Carolina. 
Serns, s. L. 1982. Influence of various factors on density and 
growth of age-o walleyes in Escanaba Lake, Wisconsin, 1958-1980. 
Transactions of the American Fisheries Society 111:299-306. 
Smith, L. L., and W. M. Koenst, 1975. Temperature effects on eggs and 
fry of percoid fishes. u. s. Environmental Protection Agency 
Ecological Research Series EPA-660/3-75-017. 
Tang, Y., and R. G. Boutilier. 1988. Correlation between 
catecholamine release and degree of acidotic stress in trout. 
American Journal of Physiology 255:395-399. 
Wahl, D. H., and R. A. Stein. 1988. Selective predation by three 
esocids: the role of prey behavior and morphology. Transactions 
of the American Fisheries Society 117:142-151. 
Wedemeyer, G. A., and D. J. McLeay. 1981. Methods for determining 
22 
the tolerance of fishes to environmental stressors. Pages 247-
275 in A. D. Pickering, editor. Stress and fish. Academic 
Press, London, England. 
Williamson, H.J., and G. J. Carmichael. 1986. Differential response 
to handling stress by Florida, northern and hybrid largemouth 
bass. Transactions of the American Fisheries Society 115:756-
761. 
23 
Table 1. Experimental design for tests of effects of fish size, acclimation temperature, 
temperature increase, and tempering rate on walleye mortality. Acclimation temperatures, 
temperature increases, and tempering rates are target values. Temperatures were controlled 
within± 0.3°C of these target values. Standard error of tempering rates were 0.11, 0.006, and 
0.001 °C/min for immediate, fast, and slow tempering experiments. Three to six replicate tests 
were conducted for each treatment combination. Final (test) temperatures discussed in the text 
can be determined by summing acclimation temperature and temperature increase values. 
Size 
Fry 
Small 
fingerling 
Acclimation 
temperature 
( •c) 
14 
20 
Temperature 
increase 
(•C) 
0,2,4,6,8,10,12 
0,4,6,10,11,12,13 
11,12,13 
11,12,13 
24 
Tempering 
rate 
( °C/min) 
Immediate ( 1. 50) 
Immediate (1.50) 
Fast (0.10) 
Slow (0.02) 
Table 1. continued. 
size 
Large 
fingerling 
Acclimation 
temperature 
coc) 
24 
20 
Temperature 
increase 
( oc) 
0,2,6,7,8,9,10 
0,11,12,13 
12 
12 
25 
Tempering 
rate 
( °C/min) 
Immediate (1.50) 
Immediate (1.50) 
Fast (0.10) 
Slow (0.02) 
Figure Captions 
Figure 1. Mortality of walleye fry acclimated to 14°C and exposed to 
water temperature increases at a rate of 1.50°C/min. Three replicate 
tests were performed at each temperature increase. Mortality was 
adjusted by control mortality and was recorded after 48 h. Bars are 
one standard error. Values sharing the same letter are not 
significantly different (Tukey's, P < 0.05). Data were transformed as 
arcsin (p0·5J for analysis. 
Figure 2. Mortality of small (mean TL= 44 mm) walleye fingerlings 
acclimated to 20 and 24°C and exposed to water temperature increases of 
2-13°C at a rate of 1.5°C/min. Final test temperatures correspond to 
the sum of a given acclimation temperature and temperature increase. 
Three replicate tests were performed at each temperature increase. 
Mortality was adjusted by control mortality and was recorded after 48 
h. Note location of zero on mortality axis. Vertical lines are one 
standard error. Bars without vertical lines had a standard error of 
zero. Values sharing the same letter within each acclimation 
temperature are not significantly different (Tukey's, P < 0.05). Data 
were transformed as arcsin (p0 ·5) for analysis. 
Figure 3. Mortality of large (mean TL= 96 mm) walleye fingerlings 
acclimated to 20°C and exposed to water temperature increases at a rate 
of 1.5°C/min. The number of replicate tests performed at each 
temperature increase is shown in parentheses. Mortality was adjusted 
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by control mortality and was recorded after 48 h. Vertical lines are 
one standard error. Values sharing the same letter are not 
significantly different {Tukey's, P < 0.05). Data were transformed as 
arcsin (p0 • 5 ) for analysis. 
Figure 4. Effect of tempering on mortality of small (mean TL= 44 mm) 
walleye fingerlings acclimated to 20°C. Rates of temperature increase 
were immediate {1.5°C/min), fast (0.10°C/min), or slow {0.02°C/min) 
tempering. Three replicate tests were performed for each temperature 
increase and tempering rate combination, except five tests were 
conducted for the 11°c, fast tempering rate treatment. Mortality was 
recorded after 48 hand adjusted by control mortality. Note location 
of zero on mortality axis. Vertical lines are one standard error. 
Bars without vertical lines had a standard error of zero. Values 
sharing the same letter within each temperature increase are not 
significantly different (least-squares means, P < 0.006). Data were 
transformed as arcsin (p0 · 5 ) for analysis. 
Figure 5. Relationship between mortality and temperature increase at 
stocking for three size classes of stocked walleye. Data were 
transformed as arcsin (p0 • 5 ) for analysis. Average total lengths {± 1 
S.E.) were 9.2±0.2 mm for fry, 50.0±1.4 mm for small fingerlings, and 
97.7±1.8 mm for large fingerlings. Data are from 77 stockings in 
Illinois impoundments from 1991-1994. Fish were held in floating cages 
to estimate mortality 24 h following stocking. See text for conditions 
during hauling and for a description of stocking procedures. 
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Abstract 
We examined prey preference, growth and survival of small larval (8-10 mm TL), large 
larval (11-17 mm TL), and early juvenile (>18 mm TL) walleye (Stizostedion vitreum) in 
laboratory aquaria and field mesocosms using multiple prey assemblages that included 
cladoceran, copepod and rotifer prey of varied sizes. Both prey taxa and size affected 
prey preference during the larval period. All sizes of walleye avoided rotifer and nauplii 
prey. Small and large larvae selected for intermediate sized (0.4 mm-0.9 mm) 
cladoceran prey and selected against large prey (>0.9 mm) of both taxa. Although 
neither capture efficiency nor handling time differed between prey taxa, larvae oriented 
more frequently towards cladoceran prey suggesting that they were more visible than 
copepods to these small fish. Larval walleye that were fed exclusively cladoceran prey 
survived better than fish that were fed other prey. Early juveniles selected primarily on 
the basis of prey size, choosing large copepods and cladocerans. Prey taxa did not 
affect early juvenile growth or survival. Prey taxa and prey size interacted with predator 
size to influence selectivity and its effect on growth and survival. Consequently, these 
factors must be considered in combination when examining the importance of foraging 
decisions in young fish. 
2 
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Introduction 
Planktivorous fish feed selectively, often choosing large prey items, and driving 
the structure of zooplankton populations towards smaller taxa or smaller individuals 
within a taxon (Brooks & Dodson 1965). Young fish are less likely than adults to 
choose the largest available prey items (Mills et al. 1984; Confer et al. 1990; Bence and 
Murdoch 1986; Hansen and Wahl 1981) and preferred prey size increases with fish size 
(Schael et al. 1991, Miller et al. 1990). Zooplankton behavior also affects selectivity; 
the ability of copepods to dart rapidly reduces their probability of capture relative to 
cladocerans (Drenner et al. 1978; Mills et al. 1984). However, in some cases, 
copepods are selected despite their greater evasive ability and small size (Confer et al. 
1990). Aspects of prey morphology such as shape differences associated with taxon, 
alterations to prey shape by spines (O'Brien et al. 1979) and prey coloration (Zaret 
1980) may affect selective feeding by fish. Both adult (Werner and Hall 1974; Bartell 
1982·) and young planktivores (Confer et al. 1990) may feed more selectively at high 
prey density, although this may depend on other conditions such as light level (Mills et 
al. 1986). Zooplankton distribution is frequently patchy (see Malone and McQueen 
1983 for review) so that planktivores may experience great variation in the number of 
available prey. Multiple factors such as prey morphology, behavior, as well as density 
and predator size may influence selective predation by planktivores. 
The relative importance of factors affecting selective feeding, and their 
interaction, is less well understood in young fish than in adults. Several reasons may 
be responsible for an apparent lack of general patterns of selective feeding in young 
fish. For example, young walleye have been reported to select prey based solely on 
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size (Merna 1977; Hokanson and Lien 1986), to select either cladocerans (Rasenen 
and Applegate 1983) or copepods (Fox 1990; Graham and Sprules 1992) and to avoid 
cladocerans (Houde 1967). Often, a single attribute of the prey or predator has been 
examined, thereby ignoring the potentially interactive effects of traits such as prey taxon 
and size. Even when multiple factors are examined, fish .. have.been presented with a 
single prey assemblage, limiting generalization. Also, studies that do not consider fish 
size may produce confounding results as fish have been shown to switch preference as 
they grow (Jackson et al. 1992; Michaletz et al. 1987). In order to understand the 
relative importance of the characteristics of predator and prey in determining prey 
choice several factors must be considered using multiple prey assemblages and a 
range of fish sizes, 
Selective feeding is an evolutionarily selected tendency to maximize energy 
intake per unit time (Schoener 1987); and thus should improve the predators growth 
and survival given a particular prey assemblage. Prey selectivity may influence larval 
fish growth and survival. Not all prey assemblages will allow maximum potential 
growth, but for a particular assemblage (density, species, size) the preferred prey 
should allow the fastest growth. Diet composition can affect growth rates of young fish 
(Gophen 1980) and may vary with prey density, size, and species of prey. Young fish 
may grow faster when consuming copepods (Lemly and Dimmick 1982; Confer and 
Lake 1987) or cladocerans (Mills et al. 1989a; Adeyemo et al. 1994 ). Zooplankton size 
may also influence growth (Mills et al. 1989a and b). Zooplankton assemblage affected 
fish growth, and the effect depended on the size of the fish (Miller et al. 1990). Some of 
these studies presented prey individually, while others correlated growth to prey items 
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from heterogeneous prey assemblages. Therefore, it is difficult to separate the effects 
of presence of single or multiple prey on selectivity and growth or to discern any indirect 
effects of concurrent presentation, such as interference. We know of no studies which 
have documented selection and subsequently shown if the selected prey allowed better 
growth or survival. 
This work is an attempt to elucidate the combined effects of larval size, prey size, 
prey taxa and prey density on the foraging, growth and survival of very young fish. We 
began by asking if young walleye, visually feeding planktivores, selected for particular 
taxa or sizes of prey and if prey density affected preference. Secondly, we asked if 
young walleye do select a particular prey, do these prey confer faster growth or better 
survival. Finally, we wished to know which aspects of the predator-prey encounter help 
explain selective prey choice. We conducted laboratory and field mesocosm 
experiments to test for selective feeding across a range of young fish sizes. We 
subsequently tested the effect of prey type on growth and survival. In addition, we 
observed foraging behaviors of larval fish to examine the mechanisms that underlie 
differential responses to prey. 
Materials & Methods 
We chose three size classes of walleye to represent different levels of behavioral 
and somatic development (Balon 1975; Li and Mathias, 1982): small larvae (8-1 0 mm 
TL), large larvae (11-18 mm TL), and early juveniles (>20 mm TL). All laboratory 
experiments were conducted in 30 L glass aquaria unless otherwise noted. Laboratory 
cultures and field collections provided cladoceran and copepod prey. Rotifers and 
copepod nauplii, either field collected or grown in cultures, were filtered through a 125 
5 
µm sieve. Three zooplankton subsamples were counted to determine density and 
added volumetrically to aquaria to produce the desired densities. 
At the end of each selective feeding experiment all fish were measured (nearest 
0.01 mm) and preserved in 70% ethanol. Prey from the entire gut of each fish were 
counted and identified to the lowest possible taxon, mostly to genus, but in some cases 
to family (e.g. Chydoridae). Zooplankton total length, excluding spines and setae, was 
measured (nearest 0.01 mm) using a dissecting microscope and a digitizing tablet 
viewed through a drawing tube. All zooplankton remaining after feeding were 
preserved in sugar formalin and measured in the same manner as the gut samples. 
Selective feeding in field enclosures 
Experiments were conducted in waters in east-central Illinois which contained a 
range of zooplankton assemblages. These included a rotifer dominated pond, two 
experimental ponds, one small reservoir (Ridge Lake) and two locations in a large 
reservoir {Lake Shelbyville). Floating plastic enclosures (121 L) were gently filled with 
lake water and either 25 small or large larvae, or 3 early juveniles were allowed to feed 
for 24 hours. Lower numbers of early juvenile fish ensured that no significant prey 
depletion occurred. Prior to each ·experiment we preserved a 30 L zooplankton 
subsample from each enclosure by filtering through a 63 µm-mesh sieve. At the end of 
the feeding period all remaining zooplankton and walleye in the enclosures were 
preserved. 
In the laboratory, initial zooplankton subsamples were counted and identified. 
The entire subsample was counted unless numbers were too high, in which case three 
6 
to five 1 ml aliquots were counted until 200 organisms of each taxon had been counted 
(Dettmers and Stein 1992). The entire subsample was examined for rare taxa. Size 
distributions were determined by measuring at least 30 individuals of each taxon from 
the 30 L subsample. Prey organisms were identified, counted and measured from guts 
of a subsample of fish (10 larvae; 3 early juveniles; or.all survivors) from each 
enclosure. 
Prey selectivity was estimated by calculating Chesson's coefficient of selectivity, 
a., which is determined by the. maximum likelihood estimator: 
(X; = n/ p; m 
Icn1 p;) 
i=l 
where r; is the proportion of items of food type i in the predator's diet, and P; is the 
prop()rtion of food type i in the environment (Chesson 1983). Prey were assigned to six 
categories (m=6), consisting of three size classes(< 0.4 mm, 0.4-0.9 mm, and >0.9 mm 
length) within each taxonomic group (cladocerans and copepods). Values of a.; from 
individual fish were averaged for each enclosure, our experimental unit. 
All selectivity coefficients were compared to random feeding (1/number of prey 
types) using paired t-tests with a Bonnferoni correction of alpha level (0.05/number of 
pairwise comparisons) to provide an overall error rate of 0.05 (Scheiner 1993). The 
data were arcsin transformed to meet the assumption of normality. The relationship of 
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prey density to coefficients of selectivity was examined separately, using correlation 
analysis. 
Selective Feeding in the Laboratory 
All size classes of walleye (10 small or large larvae; 1 early juvenile) were fed for 
one hour in aquaria held in an environmental chamber at 20 °C. Seven 
macrozooplankton densities were replicated in separate aquaria (N=3 I treatment, total 
aquaria=21 ). Zooplankton collected from nearby lakes with a 156 µm mesh, 0.5 m 
diameter zooplankton net provided a natural prey assemblage. We manipulated the 
prey density in each aquarium by adding prey such that cladoceran densities were 5, 
25, 50, 75, 100, 200 or 300 L·1 , though this resulted in slightly different total zooplankton 
densities between experiments. Taxonomic composition, size distribution, and 
abundance of the lake zooplankton were determined as previously described. 
Coefficients of selectivity for individual fish were calculated as described previously and 
means of these values were calculated for each tank, our experimental unit. As in field 
enclosure experiments the effect of prey density on coefficients of selectivity was tested 
separately. Unlike the field experiments, density was controlled in the laboratory and 
we therefore used regression analysis with prey density as the independent variable 
and coefficient of selectivity as the dependent variable (Sokal and Rohlf 1981 ). 
Growth and survival 
We examined the effects of prey taxon and density on walleye growth and 
survival in aquaria held in an environmental chamber (20 °C and photoperiod 12 L : 12 
D). Fish of a single size class (N=50 small larvae, N=30 large larvae, or N=B early 
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juveniles) fed on controlled prey assemblages. Initial attempts to measure individual 
walleye prior to these experiments resulted in injury. To assure that fish in all aquaria 
were similar in size, we randomly assigned them to aquaria, adding them from a 
common holding tank sequentially to avoid concentrating slower or faster swimming 
fish. Prey treatments were either rotifers and nauplii (>500 L·1), Daphnia spp. alone (50 
L·1), copepods alone (50 L·1), Daphnia spp. (25/ L·1) and copepods (25/ L·1), or Daphnia 
spp. (50/ L·1) and copepods (50/ L·1) and were replicated in three aquaria per treatment. 
Prey were not size sorted in this first experiment. This design allowed us to compare 
fish fed equal numbers of copepod or cladoceran prey with and without the presence of 
the other taxa, and to evaluate if the presence of one prey type interfered with 
consumption of the other. We maintained zooplankton densities throughout the 
experiment (5 d for larvae; 7 d for juveniles) by subsampling prey with a clear plexiglas 
tube lowered onto a rubber stopper on the tank bottom, and adjusted densities by 
adding the appropriate volume from a stock culture. At the end of each experiment all 
surviving fish were measured (total length, nearest 0.01 mm). 
. A parallel experiment assessed the effects of prey taxon and size on walleye 
growth. Daphnia spp. and copepods were each passed through a 500 µm sieve to 
create a small and a large size class. Zooplankton retained on the sieve corresponded 
to the large category in the selectivity experiments, and those that passed through 
corresponded to the small and medium categories combined (<0.9mm). Thirty large 
larvae fed on either small copepod, small Daphnia spp., large copepod, or large 
Daphnia spp. for 5 d. Prey densities were maintained at 50 L·1 as previously described. 
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For all growth and survival experiments, mean lengths and survival from three replicate 
tanks per treatment were compared using multivariate analysis of variance tests 
(MANOVA) and multiple comparison tests (a=0.05). Survival proportions were arcsin 
transformed prior to analyses. 
Foraging behavior and morphometric comparisons 
We quantified foraging behavior by placing a single walleye (either a large larva 
or early juvenile) in a circular behavioral arena (2 L) with opaque sides and open top. 
Fish were acclimated to the arenas without food for at least 8 h. The numbers of 
occurrences and total time spent inactive, orienting, striking, and capturing prey were 
recorded using a Datamyte event recorder (Electro/General Corporation, Minnetonka, 
Minnesota). Ten prey, either small or large copepods or cladocerans were introduced 
at the beginning of each 30 min experiment (5 replicates per treatment for large larvae, 
9 for early juveniles). Orientation was designated as the time during which the predator 
directed its head toward an individual prey item. Reactive and strike distances were 
measured in a subset of experiments (6 for large larvae, 14 for early juveniles). 
Reactive distance was the distance at which the predator oriented toward a prey item; 
strike distance was the distance that the fish moved towards prey at burst speed .. 
Distances were estimated by comparison to a grid on the bottom of the arena (1 O mm 
increments). Handling time, defined as the time between initial capture and resumption 
of swimming, was recorded for all successful captures. Responses to prey size and 
taxa for all behaviors were compared using analysis of variance and Tu key's multiple 
comparison test (a.=0.05). 
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Mouth gapes of walleye were measured using machined cones of incremental 
dimensions (Arts and Evans 1987). Cones were inserted into the mouth until the 
opercula flared, representing the point to which a fish can naturally open its mouth. A 
measurement was taken from a micrometer attached to the cone; the area of the mouth 
gape was calculated as the area of a circle, and represented .the largest ingestable 
particle. Additionally, we developed relationships between carapace length and 
maximum carapace width of several taxa of crustaceous zooplankton (using guidelines 
from Balcer et al. 1984 ). Lengths of ingested copepods and cladocerans were 
compared using analysis of variance and Tukey's multiple comparison test (a= 0.05 
unless otherwise noted). 
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Results 
Selectivity 
· All sizes of walleye avoided rotifers in the laboratory (a.< 0.094; t-test P < 0.00) 
and in field enclosures (a. <0.017; P < 0.003). Consequently, we eliminated rotifers 
from all subsequent calculations of coefficients of selectivity. There were no consistent 
effects of prey density on selective feeding. In the laboratory, only the selectivity of 
small larvae feeding on medium cladocerans (0.4-0.9 mm) differed with prey density (F5, 
8=5.43, P < 0.02) However, regression analysis showed no linear relationship (R2= 
0.03, P= 0.53). Selectivity by all other fish sizes on all other prey types was unaffected 
by prey density (P >0.05). In field enclosures, the only potentially important relationship 
was a positive correlation for large larvae between prey density and selection for large 
copepods (R= 0.66). Though density did not consistently affect selectivity across prey 
taxa and size categories it did impact the ability of larval walleye to feed. In the 
laboratory, the number of small (R2= 0.42, P < 0.001) and large (R2= 0.30 P < 0.01) 
larvae with empty guts decreased with increasing prey density. All early juveniles fed, 
except at the lowest prey density. 
We tested each prey category for differences from random feeding (reciprocal of 
the number of prey types, 1/6; Chesson 1983). In the laboratory, prey size and taxa 
were important to small larvae as they selected only medium cladocerans. Small larvae 
avoided large cladocerans, small copepods, and large copepods. All other prey were 
consumed in proportion to availability (Fig. 1 A and B). Though the pattern of selectivity 
was similar for small larvae in field enclosures, selectivity was not significantly different 
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than random for any prey category (Fig. 1 C and D). Large larvae selected against 
small cladocerans and small copepods in both the laboratory and field enclosures (Fig. 
1 ). Additionally, large larvae selected for medium cladocerans and against large 
copepods in the laboratory. Early juveniles appeared to select prey based primarily on 
size, avoiding small prey of both taxa in both experimental systems, and consuming 
other prey in proportion to availability (Fig. 1 ). 
Growth and survival 
· , ,For small larvae, prey taxa affected survival but did not strongly influence growth 
(Fig. 2). Small larvae that were fed cladocerans experienced greater survival than 
those that were fed copepods, and those larvae fed rotifers were intermediate. Small 
larvae that were fed high density mixed taxa prey experienced low survival, similar to 
that of fish that were fed copepods (F4, 10=5.47, P= 0.014; Fig. 2). Survival rates of 
small larvae fed low density mixed taxa did not differ from either cladoceran or copepod 
fed fish. In contrast, prey type did not affect the size achieved by small larvae at the 
end of the experiment (Fig. 2). 
Growth and survival of large larvae were both significantly effected by prey taxa. 
Large larvae were the only size class to show differences in growth with prey taxon; 
those fed high density mixed taxa prey grew more rapidly than fish fed cladocerans 
alone (F3, 8=4.56, P= 0.038; Fig. 3 A). Large larvae fed cladocerans experienced higher 
survival rates than those fed other taxa (Fig. 3; F3• 8=53.36, P= 0.0001 ). Survival of 
large larvae fed both mixed taxa prey densities was intermediate to that of fish fed 
either cladoceran or cope pod prey (F3_ 8=53.36, P= 0.0001 ). We also assessed the 
effect of prey size on growth and survival of large larvae using rotifers, and small and 
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large copepod and cladoceran prey. Growth of large larvae did not differ among either 
size class of copepod or cladoceran prey. However, growth of those larvae fed rotifers, 
the smallest prey type tested, was lower than growth of larvae fed small copepod prey 
(F4• 10=3.02, P < 0.07; Fig. 3 C). There were no differences in survival among large 
larvae fed any prey size or taxa category (Fig. 3 D). 
In contrast to the other two walleye size groups, early juveniles experienced no 
differences in growth or survival with any prey type tested (Fig. 2 C & D). Early juvenile 
fish growth and survival did not differ significantly when fed copepods, cladocerans, 
rotifer and nauplii, or mixed taxa prey of either density. Survival was low for those fish 
fed rotifer and nauplii prey; but the difference was marginally insignificant (F 410 = 3.02, 
P <0.07). 
Foraging behavior and morphometric comparisons 
· We measured the number of orientations, strikes, and captures of large larvae 
and early juveniles consuming two size classes of copepod and cladoceran prey during 
30 min experiments. Large larvae oriented (mean± 1 SE; x=21.7 ± 5.85) towards prey 
more frequently than early juveniles (x=10.94 ± 0.62; F, 44=7.13, P = 0.01; Fig. 4). Both 
size classes of fish oriented towards large prey more .frequently than small prey 
(F,.44=7.55 P = 0.009). The effect of fish size on the number of orientations interacted 
with the effect of prey taxa (F,.44=4.03, P < 0.05) and the effect of prey size (F,.44=6.56, 
P = 0.01 ); these effects were largely influenced by the high number of orientations 
towards large cladoceran prey by large larvae. Capture efficiencies (captures/strike) 
were lower for large larvae (0.60 ± 0.07) than for early juveniles (0.83 ± 0.03; 
F,.44=11.71, P = 0.001 ). The effect of fish size on capture efficiency interacted 
14 
significantly with the effect of prey size (F,.44=6.21, P = 0.02) and prey taxa (F,,44=5.27, 
P = 0.03). Also, prey size significantly affected capture efficiency with small prey being 
captured more efficiently than large prey (F,.44=4.75, P = 0.03). Additionally, the effects 
of all three factors interacted significantly (F,.44=7.40, P = 0.009). As with orientations 
the interactions were due largely to the low efficiency of large larvae in capturing large 
cladocerans. Neither handling time nor reactive distance differed detectably with fish 
size, prey size, or prey taxa (P> 0.05). Also, there were no differences in strike 
distance based on prey size or taxa. However, early juveniles had significantly longer 
strike distances than did large larvae across all prey types combined (F,,10=7.20, P = 
0.02). 
We compared the gape range for small and large larvae and for early juveniles to 
the mean and range of length of copepod and cladoceran prey consumed (Fig. 5). The 
mean length of cladoceran prey consumed was less than that of copepod prey for all 
fish sizes (F,_106=18.11, P = 0.001 ). Maximum length of copepod prey exceeded gape in 
several instances, therefore, prey length may not be the best predictor of selectivity. To 
investigate this further we developed regression equations to relate length and width 
(mm) of Daphnia pu/ex, (Width=0.6548 Length - 0.0709) and calanoid copepods, 
(Width=0.2818 Length - 0.01236). These equations exemplify the differences in length 
to width ratios between copepods and cladocerans and were used to estimate the 
widths of all copepods and cladocerans respectively. The widths of all copepods were 
smaller than the gapes of even the smallest walleye. However, cladoceran widths 
could exceed the gape of fish with small mouths. 
Discussion 
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Our results demonstrate that young walleye fed selectively and that for at least 
some size classes the selected prey conferred benefits in terms of greater growth or 
survival. Also, the relative importance of prey taxon and size to selectivity, growth and 
survi~al changed as fish grew. Small and large larvae selected prey based on taxon 
and size, whereas early juveniles selected prey based primarily on size. The smallest 
prey types, rotifers and copepod nauplii, were uniformly avoided by all size classes of 
walleye. These items occur in low numbers in young walleye diets (Bulkley et al. 1976; 
Mathias and Li 1982) and are probably not preferred by any size of young walleye. Our 
growth and survival experiments also suggested that rotifers and nauplii were not 
profitable prey, especially to large larvae and early juveniles, but these differences were 
not statistically significant. We found that larval walleye selected medium sized 
cladoceran prey over other prey taxa and sizes, whereas early juveniles did not. Larval 
fish also experienced greater survival when feeding on cladoceran prey than copepod 
prey, though for small larvae there was no difference between fish fed cladoceran and 
rotifer-nauplii prey. Both small and large larval walleye selected strongly for some size 
classes of cladoceran prey and experienced greater survival when consuming 
cladocerans, providing good evidence that prey preference and greater profit coincide. 
Increasing prey density may increase selectivity for a preferred prey size (Werner 
and Hall 1974; Bartell 1982) ortaxon (Confer et al. 1990). In our study, neither larval 
nor juvenile walleye selectivity was consistently affected by prey density. Mills et al. 
(1986) found that prey size selectivity by young yellow perch (Perea flavescens) did not 
change with density if light levels were above 230 Ix, similar to light levels used in this 
study. Also, prey density did not affect prey size selection in young gizzard shad 
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(Dorosoma cepedianum) or bluegill (Lepomis macrochirus; Bremigan and Stein 1994 ). 
However, in small larval walleye (<11 mm) prey abundance may reduce selection for 
larger prey items (Johnston and Mathias 1994), though this result was not consistent in 
all circumstances. 
Mixed taxa prey at two densities allowed us to assess the effects of prey density 
and taxa composition. High densities of mixed taxa prey did not consistently cause 
significant increases in growth or survival relative to other prey treatments. A variety of 
indirect interactions are possible between two prey species and a single predator 
(Abr~ms 1987); for larval fish the interaction of a non-preferred prey ( copepods) with 
preferred prey (cladocerans) may outweigh the potential benefits of overall higher prey 
density. Mixed taxa treatments indicated that the presence of copepods, especially at 
high densities was detrimental to small larval walleye. Perhaps copepods divert 
attention from the more profitable prey, or behaviorally interact with the cladocerans. 
Extremely high densities (>500 L·1) of cyclopoid copepods have resulted in larval fish 
mortality (Hokanson and Lien 1986). Copepods in our study were mixed taxa 
(calanoids and cyclopoids) and densities were substantially lower. Large larvae 
survived equally well with high densities of mixed taxa prey as with other prey, 
indicating that although copepods were not as profitable a prey item as cladocerans, 
their presence did not interfere with cladoceran consumption. In contrast, young yellow 
perch grew faster on a copepod diet than a mixed lake assemblage or cladoceran prey 
(Confer and Lake 1987) Also, young bluegill and largemouth bass (Micropterus 
salmoides) growth was positively correlated to copepod presence (Lemly and Dimmick 
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1982). However, other studies have also found growth of young fish to be dependent 
on the availability of cladoceran prey (Mills 1989b; Adeyemo et al. 1994 ). 
All size classes of fish consumed longer copepods than cladocerans, even larval 
fish which selectively consumed intermediate cladocerans. In this case they should 
select for copepods as this would lead to greater energy returns since the biomass of 
cladocerans and copepods of the same length is similar (Dumont et al. 1975) and 
copepods have slightly higher caloric density (Cummins and Wuycheck 1971 ). The 
shape of the two prey taxa may provide an explanation for this apparent contradiction 
as it relates to fish vision and gape. Cladocerans have a greater width:length ratio than 
copepods (0.6 for Daphnia vs. 0.3 for calanoid copepods). Larvae oriented more 
frequently towards large cladoceran prey than towards large copepod prey. 
Morphological characteristics of zooplankton that influence their visibility have been 
shown to influence the likelihood of attack (Zaret and Kerfoot 1975). Morphological 
traits of prey, other than length such as shape, may be especially important to larval 
fish, which have limited visual acuity (Hairston et al. 1982). Some adult and juvenile 
fish capture copepods less efficiently than cladocerans (Drenner et al. 1978; Drenner 
and Mccomas 1980; Mills et al. 1984 ). However, if copepods are more difficult for 
young fish to see, they may not strike at a copepod unless it is very close. As a result 
there are fewer strikes toward copepods but similar capture efficiencies with both taxa. 
Consumption is reduced when feeding exclusively on copepods, leading to poor growth 
or mortality. However, the shape of cladocerans can also limit the size of this prey that 
small fish can consume. In some instances maximum length of copepods consumed 
exceeded fish gape indicating that prey width may be the dimension that limits 
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consumption, as has been suggested for insectivorous birds (Sherry and McDade 
1982) and for adult fish (Hambright 1991 ). Also, cladoceran spines, normally 
considered an adaptation against invertebrate predators (O'Brien et al. 1979), may 
impede larval fish from consuming cladocerans, especially large cladocerans. Larval 
walleye can find cladocerans more easily than copepods and subsequently attack and 
consume more of these prey, but the size of cladoceran that they can consume is 
limited by morphological characteristics. 
We found that prey taxa and size interacted with fish size to influence selectivity 
and the benefits that prey conferred. These complex interactions may have caused the 
apparent lack of consistent patterns of prey selectivity, growth and survival for young 
fish reported in the literature (Merna 1977; Hokanson and Lien 1986; Rasenen and 
Applegate 1983; Houde 1967; Fox 1990; Graham and Sprules 1992). Even in cases 
where multiple factors influencing selectivity in young fish are considered (Mills et al. 
1986; Confer et al. 1990; Graham and Sprules 1992) a single zooplankton assemblage 
may not provide prey that span the range of important characteristics. For example, an 
assemblage dominated by large Daphnia species will not contain the small cladocerans 
(e.g., Graham and Sprules 1992) that were highly selected by larval walleye in this 
study, emphasizing the importance of presenting multiple assemblages. Prey 
selectivity by larval fish has important consequences for prey populations, as larval fish 
can significantly impact zooplankton populations (Dettmers and Stein 1992). In turn, 
available zooplankton prey can impact survival rates of larval fish, and this effect can be 
predicted by fish prey preferences. 
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ABSTRACT 
Growth and survival of juvenile walleye, either naturally-produced or stocked, 
vary substantially between years and among water bodies and may be related to 
characteristics of the prey fish community. Here we assessed the growth and survival 
of juvenile walleye in 0.04 ha ponds with either soft-rayed, fusiform gizzard shad or 
spiny-rayed, deep-bodied bluegill. We also examined the importance of abundant fish 
prey when walleye switch to piscivory by creating early-spawned and late-spawned 
gizzard shad treatments. Even though we produced considerably higher densities of 
bluegill than gizzard shad, at the end of the experiment walleye were similar weights, 
but were greater in length from bluegill ponds than from either of the gizzard shad 
treatments. Walleye growth increased with increasing larval, but not juvenile fish 
density. Walleye consumed fish when possible; benthos comprised the majority of 
walleye diets in the absence of fish prey. Bluegill remained well within the gape limits of 
walleye throughout the experiment, whereas gizzard shad outgrew vulnerability to 
predation. Gizzard shad remained vulnerable longer from the late-spawned than from 
early-spawned ponds. Ponds with gizzard shad were clearer, had higher ammonia 
concentrations, and larger and more crustacean zooplankters than those with bluegill. 
In the laboratory, larval gizzard shad were the preferred prey fish over larval or early 
juvenile bluegill. Larval gizzard shad schooled less and were associated less with the 
bottom of the tank than either larval or early juvenile bluegill. Characteristics of the prey 
fish community, such as prey species, size and density will interact to affect the 
success of juvenile walleye. 
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INTRODUCTION 
Understanding the mechanisms controlling recruitment from larval to juvenile fish 
has been a major focus of fish ecology recently (Buijse and Houthuijzen 1992, Donald 
1997). Year-class strength of walleye populations, both stocked and naturally 
produced, is highly variable between lakes and from year to year within a year 
(Carlander and Payne 1977, Koonce et al. 1977). Given the ecological and economic 
importance of this species, a better understanding is required of the factors controlling 
growth and survival of juvenile walleye. Water temperature, water level fluctuation, 
wind, size of spawning stock, and egg mortality are known to influence larval walleye 
year-class strength (Johnson 1961, Koonce et al. 1977). Characteristics of the forage 
fish.community, such as prey density, species composition, and size structure, 
however, are also important factors influencing the growth and survival of juvenile 
walleye. 
Growth of walleye at different life stages can be related to the availability of 
appropriate prey. Larval walleye grow faster with higher densities of zooplankton 
(Mathias and Li 1982, Mayer and Wahl 1997), juveniles grow faster with higher 
densities of chironomids (in the absence of prey fish; Fox 1989, Fox et al. 1989), and 
piscivorous walleye grow faster with higher densities of prey fish (Forney 1977, Stahl 
and Stein 1994). The relationship between prey abundance and juvenile walleye 
survival (Colby et al. 1979, Fielder 1992), however, has received little attention--though 
there seems to be a link between survival of larval walleye and food availability (Colby 
et al. 1979, Spykerman 1974, Storck et al. 1982, Fielder 1992). 
' 
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Prey species can also be an important factor regulating walleye growth and 
survival. Evidence from field (Parsons 1971, Wagner 1972, Knight et al. 1984) and 
laboratory (Einfalt and Wahl 1997) studies suggests that walleye select soft-rayed over 
spiny-rayed prey fish. In waters with both types of prey available, walleye diets typically 
contained higher percentages of soft-rayed cyprinids and clupeids than spiny-rayed 
centrarchids (Boaze and Lackey 1974, Johnson et al. 1988). Comparing across several 
lakes, Santucci and Wahl (1993) found slower growth of adult walleye in lakes with 
centrarchids as the primary forage than in those dominated by either clupeids or 
cyprinids. Similarly, walleye grew slower and had lower survival in ponds and small 
lakes with bluegill forage than with cyprinid forage (Schneider 1975, Beyerle 1978). 
From these findings, we would predict that juvenile walleye would grow faster and have 
higher survival in waters with gizzard shad as prey than in those with bluegill, though 
this has not been rigorously examined. 
Juvenile walleye growth and survival is also likely influenced by the presence of 
abundant larval fish when walleye are ready to switch to piscivory. Recruitment of 
young-of-year (YOY) walleye has been associated with the presence of forage after 
stocking (Jester 1971, Momot et al. 1977). Not only is the presence of forage fish 
important to walleye, but the size of forage relative to walleye size is also paramount 
(Carline et al. 1986, Johnson et al. 1988). For example, Momot et al. (1977) reported 
poor recruitment of naturally produced walleye fry in Hoover Reservoir, Ohio, due to the 
absence of gizzard shad at the time when larval walleye convert from planktivory to 
piscivory. 
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Thus, a number offactors involving the prey fish community, such as density, 
species, and size (or timing), could interact to influence the growth and survival of 
juvenile walleye. While some aspects of juvenile walleye growth and survival have 
been previously investigated, most work involving relationships with prey attributes has 
been either with saugeye, the hybrid between walleye and sauger (Stizostedion 
canadense), and a single prey species (Stahl and Stein 1994), or were laboratory-
based (Einfalt and Wahl 1997). Here, we examine the influence of prey fish size, 
species, and density on the growth and survival of juvenile walleye in 0.04 ha ponds 
with either a spiny-rayed (bluegill) or a soft-rayed .(gizzard shad) fish as prey, and 
explore the mechanism controlling prey choice in the laboratory. 
METHODS 
Pond Experiments 
- We conducted experiments in nine 0.4-ha experimental ponds at the Sam Parr 
Biological Station, Kinmundy, IL during 1991-1993. After filling ponds in the early spring 
from a lake source (Forbes Lake), we stocked either adult bluegill or gizzard shad into 
each pond to spawn and establish prey for walleye. All adult fish were collected by 
electrofishing from Forbes Lake, south central IL, and Lake Shelbyville, central IL. We 
had three treatments: early- and late-spawned gizzard shad and bluegill. In 1991 and 
1992, we stocked three ponds with ripe gizzard shad in late March - early April (EGZ), 
three ponds with ripe gizzard shad in mid-May (LGZ), and three ponds with bluegill 
between mid-March and early April (BG). We attempted to stock equal numbers of 
males and females into each prey treatment. In an attempt to provide adequate prey 
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populations for walleyes and to maintain larval gizzard shad and bluegill at similar 
densities, the number of spawning adults stocked into each treatment was varied 
annually. 
In 1991 we stocked equal numbers of adults (60) into all treatments; we adjusted 
these numbers to 120 gizzard shad and 40 bluegill in 1992. Since we found little 
difference between the two gizzard shad treatments in terms of walleye growth and 
survival, we eliminated the LGZ treatment in 1993. In 1993, we stocked 200 adults into 
the three EGZ ponds in early April, and since bluegill spawned more successfully than 
gizzard shad previously, we stocked only 10 adult bluegill in late April into each of three 
ponds. 
Each year, in mid-late May, 500 juvenile walleye (45-50 mm) obtained from the 
Jake Wolf Memorial Fish Hatchery, Mantia, IL were introduced into each pond. We 
assessed mortality associated with transportation and stocking by placing 20 walleye 
into each of three containers (0.76 m diameter x 0.61 m deep) for 24 hr. We measured 
(total length, nearest mm) and weighed (nearest g) these fish to determine initial 
walleye conditions. 
After stocking walleye, we sampled ponds weekly for surface and water 
temperature and dissolved oxygen profiles (using a YSI oxygen meter), secchi depth, 
and ammonia concentration (using Hach Kit Model DREUIC). The remaining response 
variables were sampled every other week. Larval fish density was determined by 
towing (1.5 m/sec) a 0.5 m diameter larval fish net (64 µm mesh) fitted with a flow meter 
the length of each pond (n= 2 per pond). We estimated size and relative abundance of 
larger prey fish by seining (15.2 x 1.8 m, 3.2 mm mesh, n = 2 per pond) 50 m along the 
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shore of each pond. A subsample of 50 prey fish in each pond was preserved in 10% 
formalin and later measured, weighed and enumerated. 
To monitor crustacean zooplankton density and diversity, we collected water 
samples from the entire water column with a 76-mm diameter clear acrylic tube (n = 2 
per pond, DeVries and Stein 1991), measured the volume (nearest ml), seived the 
water through a 64 µm mesh filter and preserved the filtrate in a 10% formalin/sucrose 
solution. Benthos was collected with a 51-mm diameter core sampler (n = 3 per pond). 
The sediment was sieved through a 0.59 mm mesh sieve, macroinvertebrates and 
sediment was preserved in 70% ethanol with rose bengal for later identification. 
To examine the growth and food habits of juvenile walleye, we s_eined and 
measured 10 walleye from each pond on each sample date and froze them for later 
analysis. At the end of the experiment (12 wks), we drained each pond and sampled 
walleye to assess growth and mortality. We also determined the number (either by 
estimation or actual count), length and weight of remaining prey. 
Total zooplankton counts were taken for each sample, excluding rotifers and 
nauplii. The abundance of these latter two taxa was estimated by taking three 2% 
subsamples per sample. Other zooplankton were identified to the lowest practical 
taxonomic level (usually to genus using Ward and Whipple 1959) and up to ten 
individuals of each taxa were measured using a dissecting microscope equipped with 
an ocular micrometer. Benthos samples were picked and organisms were identified (at 
least to order using Pennak 1978), measuring up to ten individuals of each taxa. Total 
length and weight of walleye were taken before removing stomach contents. Prey 
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items were weighed, enumerated, measured, and identified to the lowest practical 
taxonomic level (same precision as above). 
We examined initial secchi depth and ammonia concentrations between 
treatments with one-factor Analysis of Variance (ANOVA) and end conditions with two-
factor AN OVA using treatment and the biomass of juvenile prey fish remaining in the 
pond at the end of the experiment as main effects. We used repeated' measures 
ANOVA (RM-ANOVA) to separately examine treatment effect on crustacean 
zooplankton density and length through time, starting from week 2, when bluegill were 
present. For these analyses, we combined EGZ and LGZ treatments because we were 
interested only in the effect of prey species. 
Since each year larval gizzard shad were only present in the beginning of the 
experiment, we examined weight gain of walleye after 4 wks. For these analyses, we 
used analysis of covariance (ANCOVA) to examine the importance of larval fish density 
and treatment on walleye growth. In addition, we examined density and species effects 
on walleye growth and survival at the end of the experiment. In both analyses, we used 
cumulative density (density of larval fish collected in a pond summed through time) as 
an index of larval abundance through time and we used cumulative larval fish density 
as the covariate. Similar to larval analyses, we also used ANCOVA to examine the 
importance of juvenile fish density and treatment on the growth of walleye, and on 
walleye survival at the end of the experiment. We again used cumulative juvenile fish 
abundance (through 10 wks) as a relative measure through time to.examine its 
importance. 
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To examine the effect of prey treatment on final length and weight of walleye, we 
used separate one-factor ANOVAs. Lastly, we calculated Fulton's condition factor, K = 
length/(weight)3 of walleye at the end of the experiment (Ricker 1975). ·condition 
factors between treatment were compared using ANOVA. In all tests, a P-value of 0.05 
was employed and all analyses were conducted using SAS (SAS Institute 1991). We 
also ensured the assumptions of parametric statistics were not violated, and performed 
transformations as necessary to normalize data. 
Laboratory Experiments 
To evaluate the importance of prey species and size on the con;,umption of 
juvenile walleye, we conducted two sets of foraging behavior experiments in 2-m pools 
using larval gizzard shad and bluegill as prey for walleye (55 - 70 mm) in the laboratory. 
In the first set, we offered single species as prey and in the second, we offered the prey 
species combined. Walleye were starved for 24 hr prior to experimentation. 
In the first set of experiments, we allowed walleye to feed for 1 hr on one of three 
forage treatments: small bluegill (8 - 12 mm), large bluegill (17 - 21 mm) or gizzard shad 
(17 - 21 mm). Walleye length was similar between treatments (1-way ANOVA, 2, 33 df, 
F = 2.84, P = 0.07). Thirty prey were first acclimated in the pool for 1 hr before adding 
a walleye. We noted the number of prey schooled or dispersed and the number high or 
low in the water column before adding the walleye and then at 2 min intervals for the 
next 1 o min. After 1 hr, we removed the walleye and counted and measured the 
remaining prey. We completed 12 trials of each feeding treatment. 
We used ANOVA to examine differences in the number of prey consumed 
between treatments and to examine the proportion of prey schooled or low in the water 
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column between treatments. Since these data were proportional, they were first arcsine 
transformed. To examine changes in prey behavior (proportion of prey schooled or low 
in the water column) during the observational period, we used RM-ANOVA with 
treatment as the between subjects factor and time as the within subjects factor. We 
used the Greenhouse-Geisser correction factor for the within subject effects. 
In the companion set of foraging experiments we combined prey species to 
examine prey preferences of juvenile walleye. Again walleye length was similar 
between treatments (1-way ANOVA, 1, 22 df, F = 0.26, P = 0.62). Experimental 
protocol was identical to the earlier tests, except that we had two foraging treatments: 
gizzard shad with small bluegill (GZ+SBG) and gizzard shad with large bluegill 
(GZ+LBG). To maintain prey density the same as the previous experiments, we used 
15 individuals of each species per trial. Again, we completed 12 trials of each forage 
treatment. 
We compared the total number of prey eaten and the number of gizzard shad 
eaten using ANOVA with bluegill size as the independent variable. We also used 
ANOVA to compare the number of each species eaten within treatments. We combined 
the results from the two sets of experiments using two-factor ANOVA to compare 
behavior between species when the prey were present alone and in the presence of the 
other prey species. We also conducted a similar test comparing vertical position in the 
water column of prey between species when alone and in the presenc~ of the other 
species. Proportional data were first arcsine transformed. In the results, all reported F 
and P values are for one factor ANOVAs, unless otherwise indicated. 
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RESULTS 
Pond Experiments 
Water temperature at 1-m varied from 18 - 20°c and dissolved oxygen was 
usually above 6 mg/L (except on two occasions when DO was between 4 - 6 mg/L). 
Mortality due to stocking stress was minimal since only one walleye died in enclosures 
through all years. Secchi depth was similar between treatments at the beginning of the 
experiment (43.2 ± 3.3 cm; F2, 19 = 0.24, P = 0.79), but at the end was different (2-way 
ANOVA; F2, 17 = 7.51, P < 0.01) and was related to the biomass of remaining juvenile 
prey fish (2-way ANOVA; F2, 17 = 11.47, P < 0.01). BG ponds had clearer water (25.3 ± 
3.1 cm) than EGZ (15.0 ± 1. 7 cm; Tu key's HSD, P < 0.05), with LGZ being intermediate 
(17.8 .± 1.1 cm). Ammonia concentrations were also initially similar between treatments 
(F2, 1s = 1.22, P = 0.32) but differed at the end of the experiment (2-way AN OVA; F2, 11 = 
7.61, P < 0.01), with EGZ ponds (0.39 .± 0.02) having a higher ammonia concentration 
than either BG (0.19 .± 0.03) or LGZ ponds (0.20 .± 0.02; Tukey's HSD, P < 0.05). 
Ammonia concentration also increased with the biomass of remaining juvenile prey (2-
way ANOVA; F2, 11 = 5.13, P = 0.04). 
Crustacean zooplankton density and mean length both differed between prey 
treatments. In 1991 and 1993, the years with the highest abundance of larval and 
juvenile gizzard shad (Fig. 1A, 8), initial crustacean zooplankton density was 
considerably lower in gizzard shad ponds than bluegill ponds (Fig. 2A). This difference, 
however, did not persist beyond the first sampling period in either year. In 1991 and 
1992 (when larval and juvenile bluegill were present from week 2 through 12), 
crustacean zooplankton density was lower in ponds with bluegill than in ponds with 
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gizzard shad (RM-ANOVA; between subject effect, F1, 14 = 8.64, P = 0.01). Through 
time, bluegill ponds contained smaller crustacean zooplankton than ponds with gizzard 
shad (Fig. 28; RM-ANOVA; between subject effects, F1, 14 = 7.09, P = 0.02). Though 
we initially planned on using the benthos data quantitatively, three replicates per pond 
did not adequately reduce sample variation. However, benthos composition seemed 
qualitatively consistent among prey treatments and between years, being 51 .± 3% 
oligochaetes, 12 .± 3% cllironomids, and 32 .± 12% other taxa. 
Despite varying the number of spawning adults between years, larval bluegill 
densities were consistently higher than larvae of either EGZ or LGZ treatments. Within 
each treatment, however, we created a gradient of abundance between years (Fig. 1A, 
B). Larval gizzard shad were detected for the first 2 wks in the EGZ treatment and 
through 8 wks in the LGZ treatment, whereas larval bluegill were always present (Fig. 
1 A), except in 1993, when bluegill were stocked later than previous years and larval 
bluegill were rare until week 6. When the experiment was started, many of the larval 
gizzard shad (particularly in the EGZ treatment) were already past the larval stage and 
were seined in the ponds as juveniles (Fig. 1 B). 
Walleye preyed on fish when they were available (Fig. 3). But, walleye diets 
included large amounts of zooplankton in ponds with limited prey fish available, 
particularly in the BG treatment in 1993 before larval bluegill were present, and 
consistently in the LGZ ponds (Fig. 3). The importance of zooplankton in walleye diets 
declined over time as they switched to larger prey. Walleye also consumed large 
amounts of benthos, including oligochaetes, larval and adult insects and crayfish. 
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Walleye diets generally included the greatest proportion of larval fish during the 
times that larval fish were most abundant; i.e., being restricted to the first 2 wks in the 
EGZ and LGZ ponds and through the experiment in BG ponds, particularly prior to 
week 6 (Fig. 3). The importance of larval fish in walleye diets declined through time as 
they were replaced by other prey items-such as juvenile prey fish and zooplankton or 
benthos (Fig. 3). Since larval fish were important early in walleye diets, we examined 
the effect of cumulative larval fish density (density of larval fish collected in a pond 
summed through time) through week 4 when larval gizzard shad were no longer 
consumed and the importance of larval bluegill had declined. Walleye weight gain 
increased with cumulative larval fish density (Fig. 4A; ANCOVA, F1, 20 = 6.83, P = 0.02) 
through week 4, with no effect of prey treatment (ANCOVA, F2, 2o = 0.19, P = 0.83). 
The relative abundance of juvenile bluegill was variable between years, but 
juveniles were plentiful in 1991 and 1992 as well as toward the end of 1993 (Fig. 1 B). 
Walleye relied heavily on juvenile bluegill when they were present (Fig._ 3), with juvenile 
bluegill consisting of 30.9% (±16.5%) of stomach content weight. Juvenile gizzard 
shad, however, were only abundant through the first 2 wks of the experiment each year 
(Fig. 1 B) and walleye consumed far fewer juvenile gizzard shad (Fig. 3). 
Not only were there fewer gizzard shad than bluegill in the ponds, but many of 
the remaining gizzard shad quickly grew too large to be consumed by walleye. Since 
juvenile walleye (100-21 O mm) select gizzard shad 24 - 33% of their total length (Einfalt 
and Wahl 1997), gizzard shad were usually invulnerable to predation throughout the 
experiment each year (Fig. 5). Gizzard shad in ponds with LGZ generally remained 
vulnerable to predation by walleye longer than those in EGZ ponds. In 1991 and 1992, 
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most gizzard shad in the EGZ treatment were too large (Fig. 5), whereas most in the 
LGZ treatment remained vulnerable until week 4 in 1991, and until week 8 in 1992. 
However, juvenile bluegill remained vulnerable to predation throughout each year (Fig. 
5), since juvenile walleye typically consume bluegill 20 - 32% of their total length 
(Forsythe and Wren 1979, Einfalt and Wahl 1997). 
Even though the abundance of larval and juvenile fish was correlated (r=0.66, P 
< 0.01 ), walleye growth was not explained by cumulative juvenile fish abundance (Fig. 
48, ANCOVA, F1, 2o = 1.53, P = 0.23), nor were there differences among prey 
treatments (ANCOVA, F2, 2o = 2.40, P = 0.12). This result remained after removing the 
invulnerable prey from the analysis (> 35% walleye TL; cumulative juvenile fish 
abundance ANCOVA, F1, 20 = 0.11, P = 0.74, prey treatment ANCOVA, F 2, 20 = 2.62, P 
= 0.10). Walleye survival was also unaffected by either cumulative larval fish 
abundance (AN COVA, F1, 20 = 0.17, P = 0.68) and prey treatment (ANCOVA, F2, 2o = 
0.52, P = 0.60) or juvenile fish abundance (AN COVA, F1, 2o = 0. 70, P = 0.41) and prey 
treatment (and F2, 20 = 0.32, P = 0. 73). 
At draining, walleye from BG ponds were longer than those from ponds with 
either EGZ or LGZ as forage (Table 1; F2,21 = 5.14, P = 0.02, Tukey's HSD, P < 0.05). 
There was a similar, but weaker relationship between treatment and walleye weight 
(Table 1; F2, 21 = 3.35, P = 0.06) and no difference in walleye condition between prey 
treatments (Table 1; F2, 21 = 2.55, P = 0.10). Even though many more bluegill were 
available in BG ponds than in either gizzard shad treatment, and walleye consistently 
consumed more fish in the BG treatment, walleye condition was not better in BG ponds. 
13 
Growth of walleye within a pond was highly variable. A few walleye were much 
larger than the majority of those from the same pond at the end of the experiment either 
because they became cannibalistic or they grew fast enough to consume the larger 
prey fish throughout the experiment. To examine the effect of these few (2.38 :!: 0.89, 
mean per pond:!: 1 SE) large fish, we re-analyzed the data deleting fish more than 10 g 
heavier than the next smallest fish. The proportion of these large walleye per pond was 
similar between prey treatments at draining (F2, 21 = 1. 73, P = 0.20). After removing 
these large fish, walleye from bluegill ponds were again longer (F2, 21 = 8.19, P = 0.002, 
Tukey's HSD, P < 0.05) and weighed more (F2, 21 = 7.81, P = 0.003, Tukey's HSD, P < 
0.05) than those from either gizzard shad treatment. Walleye condition was again not 
different between the BG and EGZ treatments (Tukey's HSD, P > 0.05), but were 
somewhat lower in ponds with LGZ (Table 1; F2, 21 = 4. 79, P = 0.02, Tu key's HSD, P < 
, 
0.05). The length, weight, and condition of the large walleye were similar between prey 
treatments (Table 1). 
Laboratory Experiments 
In the single prey species experiments, we found that juvenile walleye showed 
preference in prey consumption (F2, 33 = 6.02, P < 0.01 ). More gizzard shad were eaten 
per trial (5.08 .± 1.73) than were either size of bluegill (1.50 .± 0.38 small bluegill, 0.25 .± 
0.13 large bluegill; Tukey's HSD, P < 0.05); both sizes of bluegill were consumed 
similarly (Tukey's HSD, P > 0.05). 
Prey fish showed differences in aggregive behavior. Large bluegill were most 
often schooled, (86 .± 2% schooling) and gizzard shad were least often schooled (22 .± 
5%). Small bluegill were intermediate in their degree of aggregation (56 .± 4%; F2, 176 = 
14 
99.79, P < 0.0001, Tukey's HSD, P < 0.05 for each comparison). Thus, the treatment 
that schooled least experienced the highest predation rate while the treatment most 
schooled experienced the lowest. Schooling behavior did not change through the 
observation period (RM-ANOVA, F4, 124 = 1.55, P = 0.21). Prey fish also showed 
differences in position in the water column. Large bluegill were most associated with 
the bottom (85 .±. 3%), followed by small bluegill (57.±. 4%) and then gizzard shad (41 .±. 
3%; F2. 175 = 32.57, P < 0.0001, Tukey's HSD, P < 0.05 for each comparison). Prey fish 
became less associated with the bottom, moving upward in the water column, as time 
after predator introduction increased (RM-ANOVA, F4. 124 = 3.81, P = 0.01). 
In the mixed species experiments, total consumption of prey was higher in the 
GZ+SBG treatment (14.50 .±. 3.41) than in the GZ+LBG (3.67.±. 0.71) treatment (Fig. 6). 
The proportion of gizzard shad eaten was consistent between both of these treatments 
(ANOVA, F1. 21 = 1.74, P = 0.20). Within treatments, gizzard shad were preferred over 
either size of bluegill (Fig. 6; GZ+SBG, F1,22= 23.84, P < 0.01; GZ+LBG, F1,22 = 10.32, 
P < 0.01). 
The degree of schooling exhibited by large bluegill alone was greater than 
schooling with gizzard shad (Table 2; two-factor ANOVA, F2. 76 = 10.78, F < 0.01, 
Tukey's HSD < 0.05). Likewise, the proportion of bluegill of either size alone that were 
low in the water column was greater than with gizzard shad (Table 2; two-factor 
ANOVA, F2, 76 = 9.68, P < 0.01, Tukey's HSD < 0.05). Thus, the presence of gizzard 
shad altered behaviors exhibited by bluegiH-but gizzard shad were still consumed 
preferentially. The degree of aggregation and vertical distribution of gizzard shad, 
however, was not affected by the presence of bluegill (Table 2; Tukey's HSD > 0.05). 
15 
DISCUSSION 
In our ponds, not only were more prey fish present in BG ponds.than in EGZ or 
LGZ ponds, but in EGZ ponds, we rarely collected larval gizzard shad after 4 wks. 
When gizzard shad grew quickly, relatively few gizzard shad were vulnerable to walleye 
predation throughout the experiment. In these instances, fish comprised a minor 
portion of walleye diets throughout all sampling dates after the fourth week. Growth of 
older walleye has generally been correlated with the abundance of prey fish (Carlander 
and Payne 1977, Beyerle 1978). Our results with juvenile fish are consistent with this 
pattern; walleye were longer and heavier from ponds with high prey abundance (i.e., 
bluegill ponds). In contrast, condition of fish from bluegill and gizzard shad ponds were 
generally similar. Benthos is a lower quality food source than fish (Cummins and 
Wuycheck 1971), and benthos consumption has been previously associated with poor 
walleye growth (Morsell 1970, Madenjian et al. 1991 ). Walleye in our ponds grew larger 
from consuming mostly bluegill than consuming mostly benthos in gizzard shad ponds. 
However, since their condition was not substantially higher, bluegill are not optimal prey 
for walleye. 
Differences in growth of older juvenile walleye (>100 mm) have previously been 
attributed to differences in prey species assemblages. For example, Walleye exhibited 
slower growth and lower survival rates in ponds and small lakes with bluegill than in 
ponds dominated by cyprinids (Schneider 1975, Beryerle 1978). Similarly, walleye 
showed slower growth across several lakes dominated by bluegill than in those 
dominated by either cluepids or cyprinids (Santucci and Wahl 1993). This differential 
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growth may be explained in part by differential vulnerability of prey to predation given 
differing morphology, behavior, and distribution (Einfalt and Wahl 1997). Fusiform, soft-
rayed prey are generally selected by a variety of piscivores over spiny-rayed or deeper-
bodied prey (Beyerle and Williams 1968, Wahl and Stein 1988) due to ease of 
consumption and shorter handling times. 
Prey species possess a variety of antipredator behaviors to minimize their risk of 
predation. For example, juvenile gizzard shad and cyprinids rely on schooling and 
speed to avoid predators, whereas bluegill typically outmaneuver them (Tomeka et al. 
1984, Webb 1986, Wahl and Stein 1988, Einfalt and Wahl 1997). In our laboratory 
experiments, larval gizzard shad schooled less than either larval or early juvenile 
bluegill. The prey type that showed the highest degree of schooling (early juvenile 
bluegill), were the least consumed. When the prey species were combined, bluegill 
exhibited less antipredatory behavior than when alone but predation on bluegill 
remained constant. These results suggest that the risk of predation perceived by 
bluegill is reduced in the presence of prey species that show weaker antipredatory 
behaviors. 
Prey habitat selection also influences vulnerability to predation (Wahl 1995). 
Generally, increased habitat complexity decreases predator efficiency (Savino and 
Stein 1982, Gerking 1994). Since walleye are pelagic feeders (Johnson et al. 1992), 
prey found in open areas would be more vulnerable than those associated with more 
complex macrophytes. In our lab experiments, gizzard shad were least associated with 
the tank bottom and were most consumed. Gizzard shad typically school in offshore 
areas (Roseman et al. 1996) whereas juvenile bluegill are usually found inshore 
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(Mittelbach 1981 ). So, many of the characteristics of bluegill, from their deep-bodied 
spiny morphology to their antipredator behaviors and habitat selection make bluegill 
less vulnerable to predation by walleye with increased piscivore energy expenditure per 
prey captured. 
Juvenile walleye growth has previously been correlated with the presence of prey 
fish (Jester 1971, Momot et al. 1977). Our results largely support these findings; in our 
ponds, walleye growth increased with larval fish abundance across treatments, a 
relationship driven by the high abundance of larval and juvenile bluegill. Even though 
many of the ponds with gizzard shad contained few prey (larval fish densities were near 
0 after 4wks), walleye growth in these ponds ranged from the lowest to among the 
highest compared to high density bluegill ponds. In these ponds, therefore, walleye 
growth during the first 4 wks of the experiment was not explained exclusively by larval 
fish abundance. These results suggest that high larval fish density at the time of diet 
switching from planktivory to piscivory is not always important for walleye growth, if 
abundant alternative prey sources are present. 
Not only do prey fish need to be present, but they also need to be a size that 
juvenile walleye can consume. Juvenile walleye growth has also been correlated with 
the abundance of appropriately-sized prey fish. For example, Pycha and Smith (1955) 
found that fast walleye growth was associated with slow growth of yellow perch. 
Similarly, a sharp decline in walleye growth has been associated with a scarcity of small 
gizzard shad (Garrison 1974). The problem of prey out-growing vulnerability to 
predation is more common in gizzard shad than bluegill (though bluegill also can 
outgrow juvenile walleye predation-see Forsythe and Wrenn 1979). Gizzard shad 
18 
often grow quickly enough to exceed the gape size relative to many predators by the 
end of their first year (DeVries and Stein 1991, Michaletz 1997). In our ponds, gizzard 
shad were often too large to be eaten by walleye, whereas bluegill remained well within 
walleye gape limits. Gizzard shad in the LGZ treatment, however, remained vulnerable 
to walleye predation longer than .in the EGZ treatment (an additional 4 wks in 1991 and 
8 wks in 1992). Complex interactions with alternate prey determine walleye success, 
since this longer window of prey vulnerability did not substantially benefit walleye. 
Walleye length, weight and condition were similar between early and late spawned 
gizzard shad ponds at the end of the experiment. The length of time gizzard shad 
remain vulnerable to juvenile walleye varies within water bodies and between years, but 
late-spawned gizzard shad should provide prey to walleye for a longer period of time. 
In most of our ponds, regardless of prey treatment, there were a few walleye 
considerably larger than the remainder (these large walleye were of similar length and 
weight among prey treatments). These individuals either may have become 
cannibalistic or achieved high growth early and were able to continue consuming the 
quickly growing prey fish. 
While we found that juvenile walleye growth was influenced by prey species and 
size, walleye survival was unaffected. Survival of late juvenile walleye has been shown 
to vary with prey species (Schneider 1975, Beyerle 1978) and density (Jester 1971 ), but 
this pattern is not consistent for all walleye sizes. For example, Fox (1989) and Fox 
and Flowers (1990) found that larval walleye survival was not influence_d by prey fish 
density. Effects of prey species, density, and size structure on walleye survival 
apparently changes with walleye size. 
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We also found differences in abiotic and biotic factors between ponds with 
different prey species. Ponds with gizzard shad tended to be more turbid than ponds 
with bluegill. After gizzard shad reach 25 - 30 mm they switch from planktivory to 
detritivory (Drenner et al. 1982) where they suspend sediments and increase turbidity. 
We also found that ammonia concentration increased with biomass of juvenile prey and 
that ponds with EGZ had the highest ammonia concentrations. This may be due, in 
part, to gizzard shad resuspending nutrients held within the sediments through 
bioturbation. In our ponds, there were more juvenile gizzard shad in EGZ ponds than in 
LGZ ponds. Since YOY gizzard shad excrete more ammonia per gram than adult 
gizzard shad, or bluegill (Mather et al. 1995), we would expect to see higher ammonia 
concentrations in the EGZ ponds than other treatments. 
Prey fish also influenced zooplankton communities in these ponds. Before they 
switch to detrivory, gizzard shad can deplete zooplankton populations (DeVries et al. 
1991, Welker et al. 1994). In 1991 and 1993, initial crustacean zooplankton densities in 
gizzard shad ponds were considerably lower than in bluegill ponds. Larval and early 
juvenile gizzard shad reduced crustacean zooplankton density prior to our initial 
sampling. In 1991 and 1992, when larval and juvenile bluegill were abundant, 
crustacean zooplankton density remained lower in bluegill ponds than in gizzard shad 
ponds throughout the experiment. Gizzard shad likely released zooplankton from 
predation after their switch to detrivory, whereas bluegill continued to consume 
zooplankton (Mittelbach 1981). Because bluegill are selective planktivores choosing 
larger zooplankters (O'Brien et al. 1976; Bremigan and Stein 1994), ponds with bluegill 
were generally dominated by smaller zooplankters. 
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The biotic and abiotic differences among ponds that were attributed to prey fish 
affected walleye through complex direct or indirect pathways. Walleye undergo 
ontogenetic diet shifts from feeding primarily on zooplankton to benthos to piscivory as 
juveniles (Scott and Crossman 1973). In our pond study, we found walleye> 50 mm 
(some > 100 mm)feeding primarily on zooplankton, others of the same size feeding 
primarily on either benthos or fish. Concurrently, prey fish were also undergoing 
ontogenetic diet shifts from larval to juvenile stages: gizzard shad from zooplanktivory to 
detritivory (Dettmers and Stein 1996) and bluegill from zooplanktivory to a combination 
of zooplanktivory and benthivory (Mittelbach 1981). Thus, foraging by prey can affect 
juvenile walleye directly through exploitative competition of shared food resources, if 
food resources are limiting. In addition, the presence of different species of prey fish 
may have affected walleye indirectly. For instance, gizzard shad decreased water 
clarity through bioturbation, but bluegill did not. Lowered visual ability reduces 
encounter rates with prey and decreases predator efficiency (Gerking 1994) and may 
have decreased the foraging ability of walleye in ponds with gizzard shad. 
Not only does the presence, abundance, species, and size of prey fish affect the 
growth and survival of walleye, but also the relative abundances of zooplankton and 
benthos. Walleye should grow fastest in situations where prey fish are abundant and of 
the appropriate size when walleye switch to piscivory. But, if abundant alternative prey 
(zooplankton or benthos) are available in years of poor prey fish recruitment, successful 
walleye recruitment could still occur. Based on higher consumption rates in the 
laboratory we would expect walleye to grow faster in systems dominated by 
appropriately-sized gizzard shad than in those dominated by bluegill-a relationship 
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observed across a number of lakes (Santucci and Wahl 1993). To maximize walleye 
growth, managers should stock juvenile walleye when prey fish are abundant and of an 
appropriate size. To maximize walleye growth, especially in systems dominated by 
fast-growing prey fish species like gizzard shad, juvenile walleye should be stocked 
when the prey fish are small, maximizing the time walleye can utilize them before they 
outgrow vulnerability to predation. The abundance of juvenile prey fish will be less 
important in systems with high abundances of alternative prey. 
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Table 1. Mean length, weight, and condition factor of all walleye, all walleye excluding 
the large walleye, and the large walleye at the end of the pond experiment. Standard 
errors are given in parentheses. Letters refer to Tukey grouping (P < 0.05). Data are 
averages of 1991-1993. 
Treatment 
Bluegill 
Early gizzard shad 
Late gizzard shad 
Bluegill 
Early gizzard shad 
Late gizzard shad 
Bluegill 
Early gizzard shad 
Late gizzard shad 
Length 
(mm) 
144.3(4.0) z 
126.3(5.5) y 
124.4(5.1) y 
Weight (g) 
All walleye 
24.7(1.8) z 
17.6(2.8) z 
16.4(2.9) z 
Excluding large walleye 
143.0(4.5) z 23.8(2.0) z 
122.9(5.1) y 15.1(2.4) y 
118.5(3.7) y 12.4(1.1) y 
Large walleye 
189.0(12.5) z 61.9(13.4) z 
181.0(4.5) z 58.6(5.3) z 
186.2(6.8) z 57.7(5.9) z 
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Condition 
Factor (K) 
0.78(0.01) z 
0.75(0.02) z 
0.73(0.02) z 
0.78(0.02) z 
0.73(0.01) yz 
0.71(0.01) z 
0.87(0.02) z 
1.05(0.18) z 
0.87(0.02) z 
Table 2. Mean percentage of three types of prey schooled and low in the water column 
in the absence (alone) and presence (combined) of the other species. Data combine 
results from the single and mixed species foraging experiments. Numbers in 
parentheses represent± 1 SE. 
Schooled (%) Low in water column (%) 
Alone Combined Alone Combined 
Small Bluegill 57 (8) 28 ( 9) 57 (9) 43 ( 6) 
Large Bluegill 88 (5) 52 (10) 85 (7) 61 (10) 
Gizzard Shad 32 (8) 23 (10) 41 (8) 46 ( 8) 
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Figure Legends 
Figure 1. (A) Mean (::!: 1 SE) larval fish density (N/m2) and (B) mean (::!: 1 SE) relative 
abundance of juvenile prey (N/seine) in 0.04 ha ponds (n=3/treatment) with 
either bluegill, early- or late-spawned gizzard shad as prey for walleye for 12 wks 
during 1991-1993. 
Figure 2. (A) Mean (::!: 1 SE) crustacean zooplankton density (N/L) and (B) mean (::!: 1 
SE) crustacean zooplankton length (mm) in ponds with either bluegill, early-, or 
late-spawned gizzard shad for 12 wks during 1991-1993. 
Figure 3. Stomach contents of juvenile walleye (n=10/date and pond) from ponds 
containing bluegill, early-, or late-spawned gizzard shad for 12 wks, 1991-1993. 
Percent of given taxa based on weight of prey. Zooplankton includes crustacean 
zooplankton only, benthos includes oligochaetes, larval and adult insects, and 
crayfish. 
Figure 4. Relationship between walleye weight gain and either (A) cumulative larval 
fish density through 4 wks or (B) cumulative juvenile fish collected through week 
1 O in ponds with one of three prey treatments (bluegill, early and late gizzard 
shad). Each point represents one pond during 1991-1993. 
Figure 5. The mean (::!: 1 SE) ratio of prey fish total length (TL) to walleye (TL) through 
12 wks with three prey treatments in three years. Dashed lines represent sizes 
of prey that walleye consume (20 - 45 % TL). Note that gizzard shad were 
commonly too large for walleye to consume. 
Figure 6. Mean (::!: 1 SE) number of prey (15 of each species/trial) of each species of 
prey eaten by walleye in the mixed species forage experiments (n=12/treatment). 
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Appendix D 
Prey selection by juvenile walleye as influenced 
by prey morphology and behavior 
Lisa M. Einfalt and David H. Wahl1 
Kaskaskia Biological Station 
Center for Aquatic Ecology 
Illinois Natural History Survey 
R.R. 1, Box 157 
Sullivan, IL 61951 USA 
1 also affiliated with the Department of Ecology, Ethology, and 
Evolution, University of Illinois, 607 E. Peabody Drive, 
Champaign, IL 61820, USA. 
Abstract.- Walleye are an important piscivore in many aquatic 
systems, but previous studies of mechanisms influencing prey size 
and species preference have only focused on fry. Predation by 
juvenile walleye (100-210 mm) was examined in a series of 
laboratory experiments. size preference was determined in 
aquaria (72 L) by introducing four to six individuals (5 mm 
length increments) of either bluegill (Lepomis macrochirus), 
gizzard shad (Dorosoma cepedianum), or golden shiner (Notemigonus 
crysoleucas) with a walleye (Stizostedion vitreum) from one of 
five length classes. Based on length, walleye selected smaller 
bluegill (20-32% of total length) than either gizzard shad (24-
33%) or golden shiners (38-43%). However, body depths of 
selected prey were similar across species (5-9%). Preferences 
did not always agree with predictions from an optimal foraging 
model (handling time/prey dry weight), with walleye choosing 
larger prey based on both length and body depth. Species 
preference was examined by combining optimal sizes of all three 
prey (N=5 each) in a 2 m pool. Number of prey captures were 
higher for gizzard shad (76%) than for golden shiners (17%) and 
bluegill (7%). To explain differential vulnerability of the 
three prey, observations of walleye predation on single species 
groups (N=15) were conducted in a 750 L tank. Mean captures per 
strike were highest for gizzard shad (0.41), followed by golden 
shiner (0.32) and bluegill (0.13). Behavior and morphology, 
unique to each prey species, influenced walleye predation 
success. Our results provide a mechanistic basis for previous 
field observations of prey selection by juvenile walleye. 
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Walleye (Stizostedion vitreum) are top predators that show 
highly variable growth and survival in many aquatic ecosystems. 
These differences are often attributed to variable forage base, 
suggesting that utilization of some prey sizes and species over 
others may be a critical component. Although several laboratory 
studies have examined species preference and prey size for 
walleye fry (Mathias and Li 1982; Raisanen and Applegate 1983; 
Mayer and Wahl 1996), few have done so for juveniles. 
Difficulties maintaining juvenile walleye in the laboratory have 
resulted in low sample sizes, evaluation of only a small number 
of potential factors influencing foraging, and no direct 
observations of feeding behaviors (Buynak et al. 1982; Lyons 
1987). Foraging behavior of other piscivores, such as esocids 
(Gillen et al. 1981; Moody et al. 1983; Wahl and Stein 1988) and 
largemouth bass (Micropterus salmoides) (Savino and Stein 1982, 
1989; Howick and O'Brien 1983; Hambright 1991), have been 
examined extensively, but walleye differ both behaviorally and 
morphologically from these predators. Walleye actively feed at 
lower light intensities, and strongly associate with the bottom, 
utilizing structure for cover (Ryder 1977; Wahl 1995). Because 
these behaviors may lead to different foraging practices, 
generalizations from these studies may not be applicable to 
understanding walleye foraging behavior. 
Field studies have indicated that juvenile walleye are size 
selective predators (Nielsen 1980, Knight et al. 1984), but 
optimal prey sizes are not known. In addition, soft-rayed 
3 
species are preferred over spiny-rayed ones (Parsons 1971; Knight 
et al. 1984), but prey density may also influence choice (Lyons 
1987). Preference for one prey type over another may affect 
growth. Lower growth of walleye has been found in centrarchid-
dominated lakes as compared to lakes with clupeid or cyprinid 
forage (Beyerle 1978; Santucci and Wahl 1993), indicating that 
some prey species may be more vulnerable than others. However, 
it is difficult to make comparisons among lakes because of the 
influence of other factors such as lake size, prey species and 
densities, percent littoral zone, and predator composition 
(Santucci and Wahl 1993). 
Several potential factors influencing prey size selection 
for other fish predators have been examined in laboratory 
studies. It is often assumed that predators actively choose 
their prey. This concept is central to optimal foraging models 
which are often utilized to account for prey sizes and species 
comprising predator diets (Werner 1974; Gillen et al. 1981; 
Werner and Mittelbach 1981). To increase fitness, predators 
choose prey that minimize energy spent on capture and handling 
while maximizing caloric intake (Werner and Mittelbach 1981). 
Although this approach adequately explains planktivore foraging, 
it has been criticized as unrealistic for piscivores foraging on 
mobile prey. These prey require measurable energy demands 
involved with stalking and capturing that can vary considerably 
with size of prey (Si and Moore 1990). In a review of laboratory 
studies with controlled prey densities, a variety of predators 
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chose the smallest prey available, and many of these prey were 
smaller than optimal (Juanes 1994). These results have led to 
the suggestion that predators are not actively choosing prey, but 
that prey capture is a passive process (Sih and Moore 1990). 
Under this scenario, predators attack all sizes of prey as 
encountered, but differential vulnerabilities lead to smaller, 
more vulnerable prey being consumed in higher proportions (Juanes 
1994, Juanes and Conover 1994). 
Other studies have focused on prey morphology and behavior 
as factors determining species selection (Wahl and Stein 1988). 
Fusiform or soft-rayed prey are generally preferred over 
centrarchids, and several mechanisms have been proposed to 
account for these preferences. Prey differ behaviorally in 
response thresholds (Webb 1986) and escape tactics (Moody et al. 
1983; Wahl and Stein 1988; Savino and Stein 1989), and body 
morphology can influence capture success and handling time (Moody 
et al 1983; Webb 1986; Hoyle and Keast 1987; Wahl and Stein 1988; 
Hambright 1991). 
In this study, we investigate size and species preference of 
juvenile walleye foraging on prey with differing morphologies and 
behaviors. Experimental manipulation of these factors help 
define mechanisms influencing size and species selection of 
piscivores by examining how they interact with morphology and 
behavior to influence prey vulnerability. We chose three common 
prey species that co-occur with walleye in lakes and reservoirs 
(Knight et al 1984; Santucci and Wahl 1993). Bluegill (Lepomis 
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macrochirus) and gizzard shad (Dorosoma cepedianum) are deep-
bodied; bluegill have dorsal and anal spines, whereas gizzard 
shad are soft-rayed. We also chose golden shiners '(Notemigonus 
crysoleucas), which are also soft-rayed but have a fusiform body 
shape. 
Methods 
Walleye for all experiments were obtained as fingerlings 
from the Jake Wolf Memorial Fish Hatchery in Manito, Illinois. 
Fish were acclimated to the laboratory for at least one month 
prior to experiments, and maintained on a diet of fathead minnows 
(Pimephales promelas). Walleye were fed test prey at least two 
weeks before experiments. Bluegill and gizzard shad were seined 
from local ponds and reservoirs, and golden shiners were obtained 
from bait dealers. Water temperatures ranged from 18-21°C 
throughout all experiments. 
Size selection experiments- Prey size preference by walleye of 
several sizes feeding on either bluegill, golden shiner, or 
gizzard shad was determined in aquaria (72 L) experiments. A 
single walleye from a 10-mm length class (100-110, 125-135, 150-
160, 175-185, and 200-210) was combined with one prey each from 
four to six distinct size classes (5-mm length increments; 20-24, 
30-34, 40-44, 50-54, 60-64, 70-74, 80-84, and 90-94). Hereafter, 
we refer to predator and prey size classes by the smallest value 
in each range. Prey sizes capable of being eaten by each walleye 
length class were used, but the range included at least one prey 
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large enough to determine upper limits of ingestible size as 
estimated from preliminary experiments. The first prey size 
captured was recorded, and a capture efficiency for each size 
class of prey was calculated as the number of captures divided by 
the number of strikes. Location of prey capture was recorded as 
head, midbody, or caudal. We completed at least 45 experiments 
with 8-15 walleye of each predator length class and prey species 
combination. With gizzard shad, only the 125 and 175 mm walleye 
length groups were tested. 
Optimal prey sizes were determined by developing cost-benefit 
relationships as the ratio of handling time per prey dry weight 
(Werner 1974). The.minimal cost-benefit ratio for each prey and 
walleye size class represents the optimal-sized prey (Werner 
1974; Gillen et al 1981). We recorded 10 handling times (time 
from capture to complete ingestion of prey, Gillen et al. 1981) 
for each prey and predator length class. For all three prey 
species, total length (nearest 1 mm), body depth (nearest 0.1 
mm), and dry weight (nearest 0.001 g) for individuals (N=l0) from 
each prey class were determined; from these data regression 
equations were formulated to predict body depth and dry weight 
from total length. 
Species preference experiments- Species preference by juvenile 
walleye was examined in a 2.5 m diameter pool with white interior 
walls. Individual walleye (185-210 mm) were held in an opaque 
plexiglass compartment located along the side of the pool. 
Bluegill, golden shiner, and gizzard shad (N=5 each) of optimal 
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size (determined from size selection experiments) were acclimated 
to the pool 24 h prior to experiments. Ten minutes before 
releasing a predator, we recorded prey behaviors at two min 
intervals as either schooled (three or more individuals swimming 
as a unit) or dispersed. Walleye foraged for 24 h, after which 
the number of each prey species captured was recorded. We used 
five walleye in 8-11 replicates for a total of 51 experiments. 
We further examined prey species preference by walleye in 
paired choice experiments. Two optimally sized prey, one for 
each of two species, were placed simultaneously into the center 
of an aquarium (72 L) containing an individual walleye (100-210 
mm), and the first prey species captured by the walleye was 
recorded. All possible two-species combinations were tested. At 
least 50 experiments were completed for each combination. 
Prey vulnerability experiments- Mechanisms determining 
vulnerability to predation were examined in a 750-L rectangular 
glass tank (180 x 70 x 60 cm). An opaque plexiglass divider 
separated the experimental tank into two predator holding 
compartments (30 x 35 cm each) and an experimental chamber (150 x 
70 cm). Single species groups (N=15) of naive, optimally sized 
individuals of either bluegill, golden shiner, or gizzard shad 
were acclimated for 24 h in the experimental chamber. Before an 
experiment, walleye (185-210 mm) were starved for 24 h in the 
holding compartments. An experiment began by releasing a single 
walleye through a remotely controlled door into the chamber 
containing prey. During 30 min experiments, predator behaviors 
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were coded into a Datamyte event recorder (Electro/General 
Corporation, Minnetonka, Minnesota), which recorded both number 
of occurrences and time spent in each behavior (0.01 s). Walleye 
behaviors were separated into eight categories, similar to those 
defined previously for other piscivores (Savino and Stein 1982; 
Wahl and Stein 1988): 
inactive: resting and motionless, not oriented toward prey; 
observe: motionless, but oriented to an individual prey; 
search: moving, not orienting to prey; 
follow: moving and orienting to prey; 
pursue: following at burst speed; 
attack: striking at prey; 
capture: grasping prey. 
We recorded whether prey were schooled or dispersed during a 
strike or capture, and the distance prey were followed or pursued 
(cm) was estimated from 5-cm marks on the tank walls. For 
captured prey, the area of the body initially grasped by the 
predator was determined as head, midbody, or caudal, and handling 
times were recorded. We used five walleye in 4-7 replicates for 
each prey species, to generate 25 experiments for each predator 
and prey treatment. To avoid problems associated with 
pseudoreplication (Hurlbert 1984), means of behaviors were 
compared for individual walleye (N=5 per prey species). Unless 
indicated otherwise, differences among prey for predator 
behaviors were assessed with analysis of variance (ANOVA, £ < 
9 
0.05; SAS 1988) and Tukey's multiple comparisons (Tukey's HSD, £ 
< 0.05; SAS 1988). 
Prey behaviors, recorded every two min (N=15 observations 
per experiment), included number schooled and dispersed, and the 
distance (cm) from the predator to the closest schooled or 
dispersed prey. We tested behavioral differences among prey 
species with one-way ANOVA and Tukey's HSD. 
Results 
Size selection- The size range of ingestible prey increased with 
walleye size (Figure la). Across all prey species, 100 mm 
walleye consumed prey over a 20 mm size range, whereas for 200 mm 
fish, this range was about 50 mm. For all prey species, 
selection peaked at intermediate prey sizes. The size range 
chosen also varied by prey species, being wider for golden 
shiners than for either gizzard shad or bluegill. Because of 
their fusiform shape, longer golden shiners (up to 55% of 
predator total length) than either gizzard shad (41%) or bluegill 
(38%) could be swallowed by all walleye sizes. comparing 
selection based on body depth, walleye selected similar size 
frequencies regardless of prey species (Figure lb). We also 
compared mean total length and body depth of prey chosen by each 
walleye length class (Figure 2). Although larger walleye could 
eat larger prey, sizes chosen decreased relative to predator 
size. Walleye chose longer golden shiners than either gizzard 
shad or bluegill (Figure 2a; ANCOVA; homogeneity of intercept,£ 
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< 0.005). However, body depths of prey chosen were similar for 
all three species (Figure 2b; ANCOVA; homogeneity of intercept, g 
> 0.29). 
Handling time increased with length at similar rates for all 
prey species (Figure 3a; ANCOVA; homogeneity of slope, g > 0.17). 
For similar sized prey, handling times were highest for bluegill 
(ANCOVA; homogeneity of intercept, g < 0.02), but similar between 
gizzard shad and golden shiner(£= 0.11). Handling times for 
bluegill were most variable, and were influenced by prey capture 
location. For all sizes of walleye combined, bluegill captured 
in the tail region had higher handling times (mean= 375 s) than 
similar-sized prey captured in the head (171 s) (paired t-test, g 
= 0.02). Smaller bluegill could be swallowed caudally, but 
larger bluegill (greater than 35% of walleye length) could only 
be consumed head first. As a result, larger bluegill often had 
similar or lower handling times than small bluegill ingested 
caudally. For 150-200 mm walleye, cost/benefit curves (handling 
time/prey dry weight) actually decreased for larger sizes of 
bluegill (Figure 3b), making it appear more profitable for 
walleye to capture and handle larger individuals. For gizzard 
shad and golden shiner, however, handling times were similar for 
equal sized individuals regardless of capture location (paired t-
test, g > 0.08). For all prey species, prey captured in the head 
region were larger than prey captured in the caudal region 
(ANOVA, g < 0.01). 
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We used handling time per prey dry weight ratios to 
determine optimal prey sizes for each walleye size group. 
Bluegill generated higher ratios, followed by gizzard shad and 
golden shiner (Figure 3b). Optimal size for each species was 
determined as those ratios that did not differ from the lowest 
value (ANOVA; least square means, E < 0.05). Combining for all 
walleye size groups, optimal prey length ranges were smaller for 
bluegill (15-24% of predator TL) and gizzard shad (15-27%) than 
for golden shiner (26-39%). Based on prey body depth, however, 
optimal prey ranges were similar for all three species (4-8% of 
walleye total length; Figure 3c). These optimal size ranges 
determined from cost-benefit curves were compared to sizes chosen 
by walleye. 
Sizes most often selected were determined as those chosen in 
at least 20% of the trials for each walleye size class. Walleye 
most often selected prey sizes toward the upper end of the 
optimal size range, and larger golden shiners (38-43%) were 
chosen compared to gizzard shad (24-33%) and bluegill (20-32%). 
Comparing body depth ratios, however, these ranges overlapped, 
with walleye most often choosing similar sizes of golden shiner 
(6-8% of walleye TL) as bluegill (5-9%) and gizzard shad (6-9%). 
Capture efficiencies decreased with increasing prey size for 
all three species (Figure 4). Compared as a function of the 
ratio of prey length to walleye length, walleye had higher 
capture efficiencies with gizzard shad as prey than with bluegill 
(ANCOVA, homogeneity of intercept, E = 0.01). Golden shiner were 
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captured at rates similar to the other two species (ANCOVA, 
homogeneity of intercept, R > 0.06). 
Species preference- During pool experiments, individual walleye 
captured from 1 to 5 prey, averaging 2.4 prey per experiment. 
Walleye captured more gizzard shad than either bluegill or golden 
shiner (Figure 5; chi-square, R < 0.001). Prey behavior differed 
among species prior to release of the predator; time spent in 
schools was highest for golden shiner (0.98 ±0.13) and gizzard 
shad (0.96 ±0.01), whereas bluegill rarely schooled (0.12 ±0.05) 
(ANOVA, F = 171.9, df = 2, 51, R < 0.0001). Golden shiner and 
gizzard shad often schooled together. In paired-choice 
experiments, walleye preferred gizzard shad over either bluegill 
or golden shiner (Figure 6; chi-square, R < 0.01), whereas 
bluegill and golden shiner were captured in equal numbers (chi-
square, R > 0.50). 
Prey vulnerability- During behavioral observations, similar 
numbers of each prey species were captured per experiment (Table 
1), but walleye experienced more difficulty capturing bluegill 
than either gizzard shad or golden shiner. Bluegill required 
twice as many follows and three times the number of pursuits as 
gizzard shad; golden shiner were intermediate but not different 
from the other two (Table 1). Walleye also had more strikes on 
bluegill compared to golden shiner and gizzard shad (Table 1). 
As a result, capture efficiencies were higher for gizzard shad 
(0.41) and golden shiner (0.32) than for bluegill (0.13) (ANOVA, 
F = 11.85, df = 2, 12, R < 0.001; Tukey's HSD). 
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Walleye differed with prey species in time spent foraging 
(Figure 7). During JO-min experiments, total time spent in all 
behaviors leading to attack, capture, and handling was highest 
for bluegill (18.J min), followed by golden shiner (12.6 min) and 
then gizzard shad (6.0 min) (ANOVA, F = 10.33, df = 2, 12, £ = 
0.02; Tukey's HSD). Of this time, similar amounts were spent 
searching and observing for all three prey species (Figure 7). 
However, the amount of time required for follow and pursuit, more 
energetically demanding behaviors, was higher for bluegill 
compared to gizzard shad, with golden shiner intermediate (Figure 
7) • 
Behavioral differences among prey species in response to the 
presence of a predator affected their differential vulnerability 
(Table 1). All three prey species schooled the majority of time 
(Table 1), but golden shiners schooled almost exclusively, while 
bluegill schools often broke up and re-formed. Golden shiner 
schools remained farther from the predator than gizzard shad, 
with bluegill intermediate, which may explain longer following 
distances for golden shiner and bluegill compared to gizzard shad 
(Table 1). Although walleye attacked more schooled than 
dispersed golden shiner (ANOVA; £ < 0.001), capture efficiencies 
were lower for schooled prey(£< 0.01), suggesting this was an 
effective anti-predatory tactic for this species. Schooling may 
not be as critical for bluegill; although schools maintained 
greater distances from the predator (ANOVA; £ < 0.002), and 
dispersed individuals were attacked more often(£< 0.05), 
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walleye capture efficiencies were similar for dispersed and 
schooled bluegill (£ = 0.93). Walleye were also equally 
successful capturing either schooled or dispersed gizzard shad 
(ANOVA; £ = 0.40); both maintained similar distances from the 
predator(£= 0.62), and were attacked a similar number of times 
(£ = 0.23). 
Morphological differences among prey species, such as body 
depth and dorsal spines, did not influence predator capture 
location (Table 2). For optimal-sized prey, walleye most often 
captured prey in the caudal region rather than the head or 
midbody for all three prey species (chi-square,£< 0.001). 
After capture, bluegill were more difficult to ingest. Handling 
times for the first prey captured were highest for bluegill but 
similar between golden shiner and gizzard shad (Figure 7). 
Discussion 
Prey morphology influenced size selection by walleye. Prey 
body depth is greatest for bluegill, followed by gizzard shad and 
golden shiner. As a result, walleye chose larger sizes of the 
fusiform golden shiner compared to deep-bodied bluegill and 
gizzard shad. However, body depths of ingested prey were similar 
for all prey species. Similar to other piscivores, walleye are 
gape limited and swallow prey laterally. Thus, body depth is a 
greater constraint than length for swallowing prey. Other 
studies have argued both size and species preference of predators 
can be better predicted by indices relating either prey body 
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depth to predator mouth size (Gillen et al. 1981; Hambright 
1991), or prey diameter (including spines) in proportion to mouth 
diameter (Reist 1980; Reimchen 1991). For juvenile walleye, body 
depth proved to be a better overall predictor than length for 
selection across prey species with differing morphologies. 
Size ranges of prey consumable by juvenile walleye varied by 
species. As body depth increased, ranges of vulnerable prey 
narrowed. Differences in vulnerable size ranges among prey 
species may have important implications for growth and survival. 
Deep-bodied prey species can grow to a size refuge from predation 
faster than fusiform prey (Hambright et al. 1991), leaving fewer 
individuals vulnerable to predation in a centrarchid-dominated 
lake compared to a cyprinid system. These differences may 
partially explain variation in growth observed across systems 
with diverse forage. However, prey density is also important, as 
growth has been positively .correlated with densities of 
vulnerable young-of-year bluegill (Santucci and Wahl 1993). 
Capture efficiencies were inversely related to prey size. 
Walleye had difficulty grasping and holding larger prey, 
resulting in more strikes for a capture. We also expected that 
capture efficiencies would be lower for deep-bodied prey (Webb 
1986; Hambright 1991). Walleye had higher capture efficiencies 
for gizzard shad than for golden shiners, indicating other 
factors, such as prey behavior, are also important in influencing 
capture success. 
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Unlike other piscivores, which ingest prey head first 
(Juanes and Conover 1994), walleye often capture and swallow prey 
caudally (Wahl et al. 1995). Caudal captures are typical of 
predators that pursue rather than stalk prey (Popova 1978). 
However, large prey that were difficult to handle were captured 
in the head region, similar to other predators (Reimchen 1991). 
Handling times also differed with prey species. Similar to other 
piscivores, handling times were highest and most variable for 
bluegill (Gillen et al. 1981; Hoyle and Keast 1987; Wahl and 
Stein 1988), and were influenced by capture location. When 
captured caudally, bluegill extend their dorsal and anal spines 
as a defensive tactic, which either increased handling time or 
prevented ingestion, depending on prey size. Walleye were most 
efficient capturing and swallowing bluegill head first. In 
contrast, soft-rayed prey were easier to swallow, and neither 
capture location nor body depth influenced handling time. 
Gizzard shad, although deep-bodied, lack the spines and rigid 
body structure of bluegill. Walleye could slightly compress 
gizzard shad to facilitate swallowing, and handling times were 
similar to those for golden shiner. In work with other prey 
species, juvenile walleye also selected cyprinids over spiny-
rayed yellow perch (Lyons 1987). However, yellow perch were 
eaten more often than darters. High consumption of yellow perch 
may result from their having shorte~ spines than bluegill and a 
more fusiform body (Savitz and Janssen 1982). 
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Handling times increased at a greater rate and optimal size 
ranges were narrower for deep-bodied prey than for fusiform ones. 
However, prey sizes chosen by walleye were not fully explained by 
an optimal foraging model. Walleye chose prey sizes that were 
toward the upper end or larger than those predicted to be 
optimal. These results conflict with other studies which have 
generally found prey consumed by several piscivores to be smaller 
than optimal (Juanes 1994). Discrepancies between optimal size 
ranges generated in the laboratory and sizes observed in the 
field are likely related to prey availability. Our results may 
have been affected by the use of small aquaria, where 
differential effects of prey size could be minimized by limited 
opportunity to escape. Alternatively, optimal foraging models 
have been tested mainly for planktivores in which prey handling 
times are the primary constraint on prey capture. Piscivores 
generally capture large prey infrequently (Breck 1993), and may 
choose prey based on size rather than handling time. For 
piscivores, prey encounter rates may be more important than 
handling times, and different decision rules may be necessary to 
evaluate foraging decisions. 
Walleye prey preferences were related to the amount of time 
and energy spent on capture. In pool and aquaria experiments, 
walleye chose gizzard shad most often whereas bluegill were least 
preferred. Comparative laboratory studies with esocids have also 
found gizzard shad to be preferred prey over bluegill, with 
cyprinids intermediate (Mauck and Coble 1971; Wahl and stein 
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1988). These results also correspond to preferences inferred 
from stomach contents'for walleye in field studies (Knight et al. 
1984; Johnson et al. 1·988). Direct relationships likely exist 
between our laboratory prey preferences and growth and survival 
in the field (Wahl and Stein 1988; Santucci and Wahl 1993), 
We found walleye preference of golden shiners intermediate 
to gizzard shad and bluegill. Golden shiners co-exist in lakes 
with large predators by outgrowing vulnerability to predation 
(Rahel 1984), however, we also observed anti-predatory pehaviors 
that could increase survival for vulnerable size classes. 
Fathead minnows are often used as a model cyprinid in predator-
prey studies, despite their lack of existence in lakes containing 
large predators (Tonn and Magnuson 1982; Robinson 1989; Savino 
and Stein 1989) and documented high vulnerability to predation in 
laboratory studies (Moody et al. 1983; Wahl and Stein 1988). 
Golden shiners may be a more useful model for cyprinids in 
behavior studies as this species is better adapted to predation 
pressure. 
Prey exhibited different anti-predatory behaviors that 
affected preference by walleye. Foraging was more costly for 
walleye when bluegill were prey, requiring more follows, 
pursuits, and strikes per capture than for other prey. Bluegill 
engaged in flexible anti-predatory behaviors similar to those 
described in the presence of other piscivores. Often bluegill 
would appear physically larger by orienting perpendicular to the 
predator and extending dorsal and anal.spines, and evade attacks 
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through back-peddling and dart and freeze escape (Savino and 
Stein 1982; Howick and O'Brien 1983; Moody et al. 1983; Wahl and 
Stein 1988). Using these behaviors, bluegill could avoid capture 
whether they were dispersed or schooled. Other prey mainly used 
schooling as a defense. Schooled prey remained vigilant of 
walleye, and often moved away from the predator to reduce the 
probability of attack. Among prey species, schools differed in 
distances they maintained from the predator. Similar to esocids 
(Wahl and Stein 1988), walleye could get closer to gizzard shad 
than to other prey. Predator awareness influences the speed at 
which prey initiate escape when attacked, and prey with slower 
escape responses are more likely to be captured (Webb 1986). 
Proximity to the predator, combined with a slower response when 
attacked, may have increased vulnerability of gizzard shad to 
predation. 
We examined several important components of prey size and 
species selection by juvenile walleye. Prediction of optimal 
size in piscivores will require incorporation of components of 
foraging other than handling time. Unlike previous conclusions 
for other piscivores (Juanes 1994), our results suggest active 
prey selection by walleye. Similar to other piscivores, walleye 
prey species preferences can be explained based on time and 
energy spent foraging. Across piscivores with differing 
predatory strategies, gizzard shad are preferred over cyprinids 
and bluegill (Wahl and Stein 1988; this study). Behavior and 
20 
morphology, unique to each prey species, influences vulnerability 
to predation. 
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Table 1. Ccmparisons of prey and predator behaviors (x ± 95% 
confidence intervals) for walleye feeding on single species 
groups (N = 15) of either gizzard shad, golden shiner, or 
bluegill during each 30 min experiment. Row values (z, y; ANOVA, 
Tukey's multiple comparisons,~> 0.05)) and row and column 
values (a, b, c; two-way ANOVA, lsmeans, > 0.05) with the same 
letter do not differ. 
Behavior 
Time schooled(%) 
Distance to walleye (cm) 
Closest schooled 
Closest dispersed 
Number captured 
Number of follows 
Number of pursuits 
Number of strikes 
Distance 
Distance to prey (cm) 
Gi;!:zard 
shad 
Prey behavior 
84±11.4Z 
75±9.2ab 
70±13.Ja 
Prey species 
Bluegill 
73±7.7x 
87±7. Jbc 
70±6.9a 
Predator behavior 
l.6±1.2z 1.3±0.5z 
5.2±2.0z 12.7±3.Sy 
5.5±1.9z 16.1±5.6y 
4.9±1.7z 14.6±5.ly 
prey followed by predators 
36±7.9y 56±10.4z 
Mean number of prey attacked 
Schooled 
Dispersed 
Schooled 
Dispersed 
2.3±0.5a 
3.7±2.6ab 
5.0±5.lb 
10.1±9.2c 
Capture efficiency(%) 
26±0.2ab 
33±0.lb 
28 
13±0.la 
13±0.la 
Golden 
shiner 
99±1.7y 
98±8.Sc 
64±65.6a 
1. 6±0.Sz 
8.1±2.Szy 
8.4±2.4zy 
7.0±2.0Z 
61±11.Sz 
6. 6±1. Sbc 
1.8±1.Sa 
20±0.Jab 
70±0.Jc 
Table 2. Capture location for walleye feeding on gizzard shad, golden 
ghiner, or bluegill in tank experiments (750 L). Values with the same 
letter within a row, ·column, or both do not differ (Chi-square, 
partitioned degrees of freedom: .f > 0.05). Total number of captures 
(N) is given for each prey species. 
Prey species 
Gizzard shad 
· Golden shiner 
Bluegill 
N 
39 
39 
32 
Head 
2oz 
7z 
19Z 
29 
Capture location(%) 
Midbody 
21Z 
13z 
22Z 
Caudal 
59y 
soy 
59y 
Figure captions 
Figure 1. Proportion of each prey size class of bluegill (BLG), 
golden shiner (GOS), or gizzard shad (GZS) chosen by different 
sizes of walleye during aquaria experiments. Sizes classes 
chosen are presented for both prey total length (A) and body 
depth (B). Single species groups of prey with individuals from 
each of 4 to 6 length groups were fed to each walleye size class. 
For gizzard shad, experiments were only completed for the 125 and 
175 mm walleye size groups. 
Figure 2. Mean total length (A) and body depth (B) chosen by 
walleye size groups for bluegill (BLG), golden shiner (GOS), or 
gizzard shad (GZS) during size selection experiments. 
Figure 3. Comparisons of mean handling time (A; min) and cost-
benefit relationships (Band c; handling time/dry weight) for 
different sizes of bluegill (BLG), golden shiner (GOS), and 
gizzard shad (GZS) for each walleye size group. Prey sizes for 
cost-benefit relationships are presented for both total length 
(B) and body depth (C). 
Figure 4. Capture efficiency (captures per strike%), combined 
for all walleye sizes, as a function of prey length for walleye 
foraging on bluegill (BLG), golden shiner (GOS), or gizzard shad 
(GZS) during aquaria experiments. 
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Figure 5. Number eaten(%) of each species for walleye foraging 
on mixed species groups (N = 5 each) of bluegill (BLG), golden 
shiner {GOS), or gizzard shad (GZS) during pool experiments. 
Vertical lines are 95% confidence intervals. Means not different 
from one another share an underline (ANOVA, Tukey's HSD, £ > 
0.05). 
Figure 6. Number captured(%) for walleye offered all pairwise 
combinations of bluegill (BLG), golden shiner (GOS), and gizzard 
shad (GZS) in aquaria (72 L). N is the number of experiments for 
each combination. Vertical lines are Clopper-Pearson 95% 
confidence intervals. Values different from one another are 
denoted by an asterisk (chi-square,£< 0.05). 
Figure 7. Time spent in predatory behaviors by walleye foraging 
on bluegill (BLG), golden shiner (GOS), or gizzard shad (GZS) 
during 30 min tank experiments. Vertical lines represent 95% 
confidence intervals. Means not different from one another share 
an underline (ANOVA, df = 2, 12; Tukey's HSD: £ > 0.05). 
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